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This Ph.D. work focuses on development and characterization of ultrathin films 
formed by covalent layer-by-layer (LBL) assembly. Oligoimide, polyimide, 
polyimide/conductive polymer composite and polyimide/gold nanoparticle composite 
are investigated as representative materials.  The films, formed on amine-terminated 
substrates, are potentially applicable in various fields such as micro- or molecular 
electronics, catalysis and sensing.  
 
Molecular assembly of two aminosilanes on silicon dioxide surfaces was investigated 
first to optimize their performance as substrates for film construction. By optimizing 
deposition conditions, a 3-aminopropyltrimethoxysilane (APS) assembly with a 
primary-amine content of 88.6 % was obtained (the percentage being relative to the 
entire nitrogen element present in the assembly based on X-ray photoelectron 
spectroscopy).  When p-aminophenyltrimethoxysilane (APhS) was used, the primary-
amine content in the assembly reached as high as close to 100 % and the surface 
morphology was more uniform than that of APS under the same conditions.  This is 
attributed to the rigidity of APhS molecules, which reduces their opportunities of 
hydrogen bonding.   Higher primary-amine content favored higher uptake of 
pyromellitic dianhydride (PMDA), and the APhS substrate yielded a quantitative 
uptake of PMDA close to 100 %. Primary amine content could be a measure of the 
film morphology and accessibility of the substrate amine functionalities.  
 
 
Ultrathin oligoimide films were fabricated through alternate assembly of PMDA and 
diaminodiphenylether (DDE) from their solutions onto APhS substrates, followed by 
thermal treatment for imidization. X-ray photoelectron spectroscopy (XPS) analysis 
 v
shows that the PMDA/DDE interfacial reaction proceeds to near completeness. UV 
absorption demonstrates a linear growth of the film with the number of deposition 
steps.  Observed by atomic force spectroscopy (AFM), surface morphology of the 
film is uniform with a roughness of less than 0.5 nm at each deposition step.  
 
Ultrathin polyimide films were obtained from direct covalent LBL assembly of an in-
house synthesized hydroxyl polyimide (HPI), with interlayer linkages established by 
using terephthaloyl chloride as a bridging agent to form ester groups.  Fourier 
transform infrared spectroscopy (FTIR), XPS, UV-vis absorption spectroscopy, AFM, 
ellipsometry and electrochemical impedance spectroscopy were employed to study 
the interfacial covalent chemistry, stepwise growth, morphology, thickness, optical 
property and insulation behaviour of the assembled film. The films show excellent 
stabilities and mechanical strength, which could be attributed to the covalent 
interlayer linkages. 
 
Direct covalent LBL assembly between preformed HPI and polythiophene acetic acid 
(PTAA) yields composite polyimide films with reduced surface resistivities. HPI and 
PTAA chains are cross-linked through ester formation, giving rise to thermal and 
mechanical robustness. FTIR, XPS and UV-vis absorption spectroscopy were used to 
investigate the formation of the composite films. Such films exhibit evidently reduced 
surface resisitivites without doping with iodine; prolonged exposure to iodine vapour 
results in further reduction of their surface resistivities. Thermal de-doping and iodine 
re-doping behaviours of the films were also studied.   
 
Another type of polyimide composite was achieved through LBL assembly between 
 vi
amino poly (amic acid) and naked gold nanoparticle (AuNP). XPS studies suggest 
that the two building constituents are bound together through a combined effect of 
covalent bonding and electrostatic interaction. Thermal treatment imidizes the APAA 
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                                                                                                    Chapter 1. Introduction 
Polyimides (PIs) are well recognized as a class of high-performance materials 
possessing attractive properties such as excellent thermal stability, high mechanical 
strength, low moisture uptake, favorable dielectric properties, good chemical 
resistance and so on (Sroog, 1991; Verbicky, 1988; Ghosh and Mittal, 1996). Due to 
these properties, PIs have found extensive applications in a variety of industrial fields. 
For example, they are good candidate materials for fabrication of gas separation 
membranes (Claudia and Koros, 1999; Kawakami et al., 1996; Sullivanand Bruening, 
2003) and construction of lightweight aerospace vehicles (Johnson and Gates, 2001; 
Weiser et al., 2000; Morgan et al., 2001). They are typically applied in 
microelectronics as protective coatings or encapsulation layers (Miwa, 2001; Fay et 
al., 1998; Sidorov et al., 1999; Mukerji and Demet, 1993), interlayer dielectrics 
(Kuntman A. and Kuntman H., 2000) as well as photo-resists for multilevel-
interconnect very large scale integrated circuit technology (Savinskii 2004; Yoda 
1997). PIs can function as alignment layers for liquid crystal displays (Lien et al., 
1995; Sasaki et al., 1992). Ultrathin PI films formed on gold surfaces are able to 
provide corrosion prevention (Dai et al., 2000) in a similar way as protective 
monolayers of alkanethiolates on copper (Jennings et al., 1998). PIs are also 
extensively utilized to make polymer composites, alloys and blends for interesting 
combinations of physical properties between the polyimide and guest species such as 
chromophores (Kenis et al., 1997; Yokoyama et al., 1996), electroactive polymers 
(Wang and Srinivasan, 1999; Tieke and Gabriel, 1990), magnetic particles (Liu et al., 
1997) and silver acetate (Southward et al., 1997).  
 
PIs are frequently used as thin films with thicknesses on the scale of a few hundred 
nanometers to several microns. There are a couple of methods for fabricating such 
 2
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films, which fall into two main categories: dry route and wet route. The former 
utilizes monomers and the latter makes use of the precursor form of PI, namely poly 
(amic acid) or PAA, since PI itself is generally infusible and insoluble in organic 
solvents. 
 
The dry route is in fact a vapor polymerization-deposition process (Shim et al., 2003; 
Salem et al., 1986), in which diamine and dianhydride monomers are co-deposited 
from vapor phase onto a substrate, followed by a thermal treatment for imidization. 
This process is solvent-free and the resulting films are smooth, uniformly thick and 
free of shrinkage. It often requires specially-designed experimental setup (evaporation 
chambers) and ultrahigh vacuum (UHV) conditions (Danev et al., 1993; Shim et al., 
2003) and great efforts are sometimes required to ensure a 1:1 ratio in the flux of 
monomers; otherwise, unreacted monomers might be trapped in the film and result in 
defects (Spassova, 2003).     
 
The wet approach refers to casting or spinning of PAA solution onto a flat substrate, 
followed by heating to a temperature around 300 °C for purpose of imidization and 
concomitant solvent removal. There are often stringent requirements for substrate 
surface quality, PAA concentration, solution viscosity and/or spinning speed to obtain 
a uniform film thickness.  Meanwhile, incomplete solvent removal and film shrinkage 
often occur during thermal treatment. More importantly, it is often difficult to 
fabricate a uniform film of a few nanometers (less than 10 nm) thick by spinning or 
casting, and spin-coated or cast films are only physically tethered to the substrate. 
These are the problems frequently encountered in the wet approach.  
 
Despite the difficulties encountered in fabrication by the above two methods, ultrathin 
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PI films of a few to tens of nanometers thick, which are strongly tethered to a 
substrate surface, have been attracting more and more attention and are becoming 
increasingly important due to their potential applications in the development of 
molecular devices, surface property tailoring and tribology.  
 
As a well-established protocol for the construction of ultrathin film, Langmuir-
Blodgett (LB) deposition is frequently employed to fabricate multilayer PAA films, 
which can subsequently be converted into PI by thermal or chemical imidization 
(Jeong and Lim, 2001; Srinivasan et al., 2002). This technique is capable of yielding 
relatively ordered and defect-free multilayer films, but the weak interlayer binding 
forces, which are simply van der Waals interaction, can result in the film unstable to 
thermal, chemical or mechanical degradation. In addition, long-chain alkylamines, 
which are often introduced to impart amphiphilicity to PAA molecules for LB 
deposition, constitute a chemical impurity needing costly removal (Sasaki et al., 
1992). 
 
Pioneered by the pioneering work of Decher (1997), electrostatic self-assembly has 
been attracting tremendous attention as a powerful strategy to build nano-scale 
multilayer structures from oppositely charged species. This is a low-cost, 
straightforward and versatile procedure that requires no special equipment other than 
a couple of beakers during film buildup.  By tuning the concentration and ionic 
strength of the deposition solutions, one can control the thickness and morphology of 
each deposition layer (Shiratori and Rubner, 2000). Since ionized PAA or its salt 
carries negative charges, it is able to undergo electrostatic self-assembly with a 
positively charged polymer (polycation) in a layer-by-layer (LBL) fashion. In 
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conjunction with a post-deposition imidization step, this also serves as an important 
route for ultrathin PI film fabrication (Anderson et al., 2001; Baur et al., 1996).  The 
main disadvantage with this method lies in that the resulting films are pH-sensitive 
and may degrade in acidic or basic environments since the multilayer architecture is 
built using only electrostatic interaction. Moreover, the polycation introduced as the 
counterpart of PAA for self-assembly often remains in the final film; it will be a 
chemical impurity if not removed properly and may undermine the desired 
performance of polyimide film; unfortunately, complete removal of this impurity is 
often difficult to accomplish. 
 
Due to the fact that covalent bonds have high bond energies, multilayer polymeric 
films with covalent interlayer linkages should be more stable than those containing 
ionic, van der Waals or hydrogen-bond interlayer binding forces. Covalently bound 
multilayer films should thus be more robust and better able to withstand elevated 
temperatures, polar solvents, mechanical wear and abrasion, etc. Motivated by this 
thought, several researchers have employed ultraviolet (UV) irradiation (Sun et al., 
2000; Luo et al., 2003; Lu et al., 2003) or thermal treatment (Dai et al., 2000) to 
induce covalent bond formation in some UV- or heat-sensitive polyelectrolyte 
assemblies. Another strategy to accomplish covalent interlayer linkages is known as 
in-situ or direct covalent LBL assembly. In this strategy, one needs to select or design 
appropriate building blocks with functional groups that can lead to formation of 
covalent linkages between neighboring layers during the process of LBL assembly 
(Liu et al., 1997; Serizawa et al., 2002; Major and Blanchard, 2001). Although direct 
covalent LBL assembly is able to impart desired robustness to the films constructed, 
the idea has not been as widely exploited as the LB technique or electrostatic self-
 5
                                                                                                    Chapter 1. Introduction 
assembly, mainly because covalent bond formation is not as straightforward as ionic 
or van der Waals interaction; it happens only between particular pairs of functional 
groups. As such, not much work has been reported regarding application of direct 
covalent LBL assembly in ultra thin PI film fabrication. 
 
Based on the above considerations, this Ph.D. project aims to build robust ultrathin 
films of oligoimide, PI and functional PI composites by exploring the idea of direct 
covalent LBL assembly. All films are strongly tethered on treated surfaces of silicon 
dioxide substrates. The thesis begins with a detailed survey regarding related literature 
(Chapter 2), followed by five parts of work as outlined below. 
 
Chapter 3 describes the development of amine-terminated substrates on which 
oligoimide, PI and functional PI composite films would be constructed.  Such 
substrates are often obtained through self-assembly of aminoalkoxysilanes at oxide 
surfaces (Liu et al., 1998; Fujita et al., 2002), but the bi-functionality of 
aminoalkoxysilanes often results in their assembly being sensitive to experimental 
parameters (Kallury et al., 1994; Vansant et al., 1995; Petri et al., 1999). There is 
abundant literature concerning the physical structure (monolayer or multilayer) of the 
aminosilane assemblies, but little is dedicated to their surface chemistry, for instance, 
the content of reactive amines that can be utilized in covalent assembly. In this 
chapter, a detailed investigation is described regarding how the amino-terminated 
substrates could be improved in terms of reactive amine abundance and surface 
morphology by appropriate choice of experimental parameters. Two aminosilanes, 3-
aminopropyltrimethoxysilane (APS) and p-aminophenyltrimethoxysilane (APhS) are 
compared in this respect. Also examined is how the amino-terminated substrates 
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influence their immobilization of pyromellitic dianhydride (PMDA), a typical 
monomer for polyimide synthesis. Successful immobilization of PMDA on amino-
terminated substrate would facilitate construction of ultrathin films of oligoimide or 
PI through LBL assembly.  It also plays an important role in adhesion enhancement 
between PI thin film and substrates (Kong et al., 1999). 
  
Presented in Chapter 4 is the fabrication of ultrathin oligoimide films through 
covalent assembly of monomers. Specifically, pyromellitic dianhydride (PMDA) and 
diaminodiphenylether (DDE) are adsorbed sequentially from solution onto a silicon 
wafer or quartz slide surface-modified by p-aminophenyltrimethoxysilane; this 
process is chemically driven by the formation of amic acid moieties. After several 
adsorption cycles, the short chains of oligo amic acid formed can subsequently be 
converted into oligoimide by thermal treatment.    Compared with the vacuum 
deposition method adopted by Salem et al. (1986) and Bitzer and Richardson (1997), 
the technique described in this chapter is simple and can be accomplished under 
common laboratory conditions.  Meanwhile, it provides uniform surface topography 
at each assembly step. The films contain purely aromatic moieties and the substrate-
priming APhS moiety possesses a high thermal stability, up to 550 °C (Arkles, 1992), 
comparable to that of PI; therefore, it should be thermally and mechanically robust 
with a strong adhesion to the substrate. This method might be a promising alternative 
for preparation of high performance films with imide linkages, well-controlled 
thickness and morphology.  
 
Chapter 5 is concerned with the fabrication and characterization of ultrathin PI films 
exploiting the protocol of direct covalent LBL assembly.  A soluble PI with hydroxyl 
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pendant groups (HPI) was synthesized and then employed in LBL assembly with a 
diacid chloride, forming ester groups as interlayer linkages. The novelty of this 
protocol lies in two aspects: (1) Preformed PI, instead of its precursor PAA, was 
directly utilized in the assembly process. This practice obviates the necessity of a 
post-deposition imidization step, which is required in conventional methods. (2) The 
covalent cross-links and the interlayer phenyl moieties both contribute to the 
enhanced stability and robustness of the PI film obtained, especially to the stability 
against solvents for HPI such as N-methyl pyrrolidone. Studies of the insulation 
behavior and mechanical strength of the film obtained are also presented.  To the best 
of our knowledge, this is the first attempt to fabricate ultrathin polyimide films using 
covalent LBL assembly with a preformed polymer as the building block. 
 
Chapter 6 describes the preparation of ultrathin PI films with low surface resistivities 
within the range of 106 ―1010 ohms per square (Ω/sq), which are suitable for antistatic 
applications (Konagaya et al., 2002).  Such films are desirable in helping to dissipate 
surface static charges generated by rubbing when employed as packaging materials in 
microelectronics or alignment layers for liquid crystal display (LCD) devices. 
Methods reported to reduce surface resistivity of the PI films include dispersion of 
carbon black (Lin and Chiu, 2002), graphite granules (Lin and Chiu, 2002), single 
wall nanotubes (Park et al., 2002) or electroactive polymers (Wang et al., 1999; Tieke 
et al., 1990; Min 1999) into the polymer matrix through physical blending followed 
by casting, spinning, electrostatic assembly or LB deposition. In this chapter, ultrathin 
composite films with antistatic surface conductivities are fabricated by incorporating a 
synthesized electroactive polymer, poly (thiophene-3-acetic acid), into soluble 
preformed HPI through direct covalent LBL assembly with interlayer ester links 
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formed to insure chemical and mechanical robustness of the films.  
 
In Chapter 7, composite films comprising PI and gold nanoparticles (AuNPs) formed 
by LBL assembly are described. These films are of fundamental and technological 
importance in the fields of catalysis and electrochemical sensing. The assemblies were 
formed using a synthesized amino poly (amic acid), or APAA, and freshly prepared 
sols of naked AuNPs. Since there is no encapsulation layer on their surface, AuNPs 
can bind directly to APAA chains and be more exposed to target species such that 
catalyzing or sensing efficiency is expected to be higher. The interlayer linkages were 
established through covalent bonding (between –NH2 and atomic Au) and 
electrostatic interaction (between –NH3+ and surface negative charges of the AuNPs) 
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2.1 Self-assembled Molecular Layers of Aminosilanes: Substrates for 
Ultrathin Film Construction 
 
Self-assembled monolayer (SAM) formation induced by the chemisorption between 
the substrate and head group of selected organic molecule provides one of the most 
elegant approaches towards making ultrathin organic films of controlled thickness 
(Ulman, 1991). SAMs of organic molecules have evolved as a new class of thin film 
materials with exciting prospects for applications in materials chemistry (Dubois and 
Nuzzo, 1992; Ulman, 1991). 
 
Among the various types of SAMs, amino-terminated SAMs are of particular interest 
owing to their chemical reactivity. They have been reported to serve in immobilizing 
biomolecules (Almeida et al., 2002; Pancera et al. 2002), assembling aldehyde-capped 
nanoparticles (Sugimura and Nakagiri, 1997), anchoring of gold nanoparticles (Seitz 
et al., 2003; Mukhopadhyay et al., 2003), metal ion sensing (Crego and Reinhoudt, 
2001), initiating graft polymerization on a certain substrate (Chang and Frank, 1998), 
and adhesion promotion (Plueddemann, 1982; Kong et al., 1999). In all these 
applications, reactive primary amine moieties on a substrate surface form a platform 
for reaction with other molecules. So it is highly desirable to have a sufficiently high 
percentage of primary amines (as opposed to those hydrogen bonded and protonated) 
available on the surface. In addition, homogeneity in surface morphology is also 
desired in most applications. For example, imaging of DNA molecules immobilized 
on an amino-terminated surface by atomic force microscopy demands a highly 
homogeneous surface with a roughness less than the height of the adsorbed DNA 
molecules (Hu et al., 1996). 
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Amino-terminated SAMs can be prepared via self-assembly of cysteamine on gold, 
silver, copper or platinum. The assembly obtained in this way, however, is thermally 
unstable at temperatures above 70 °C (Bain et al., 1989). Meanwhile, cysteamine will 
take both trans and gauche conformations when deposited onto a silver or gold 
surface; consequently, some amine groups may be lost by attaching to the surface of 
the substrate and may not be available for interaction with species of interest (Michota 
et al., 2002). 
 
Amino-terminated SAMs are more frequently generated through the chemisorption of 
aminoalkoxysilanes at solid/liquid interfaces (Liu et al., 1998; Liu et al., 1997a; Fujita 
et al., 2002). The silane molecules are first hydrolyzed in presence of water and then 
condensed with silanol groups on the substrate surface, leading to deposition of silane 
molecules (Huang et al., 1995). Hydrolyzed silanes also condense with each other to 
form aggregates or oligomers (Huang et al., 1995) resulting in disordered deposition 
on the substrate.  Meanwhile, the basic amine group can also react with surface 
silanols by proton transfer and hydrogen bonding as well as participate in the 
condensation reactions that form the siloxane network and thereby lead to the 
formation of complex multilayers (Child et al., 1982; Zhdanov et al., 1987; Kallury et 
al., 1994). Experimental parameters such as temperature, concentration, solvent 
properties and reaction time all play their parts in the silanization process (Bierbaum 
et al., 1995; Siqueira et al., 1999). Therefore, it is difficult to get an amino-monolayer 
with good uniformity and high percentage of primary amine. Researchers have done 
much work toward this objective and drawn different conclusions. Heid et al. (1996) 
found that aminosilanes form disordered multilayer films. Siqueira and coworkers 
(1999) obtained a flat, stable and homogeneous amino-terminated surface with a root 
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mean square roughness of 2.2±0.2Å by dipping freshly cleaned silicon wafers into a 1 
% (wt) solution of 3-aminopropyltrimethoxysilane in toluene for 4 min at 60 °C and 
concluded that this method is quite reproducible and straightforward.  
 
Considerable efforts have also been made to prepare amino-terminated SAMs via 
chemical vapor deposition. Alan and Sun (1994) carried out gas-phase deposition of 
3-aminopropyltrimethoxysilane on silica powders and found that 42 % of the surface 
amines are protonated based on X-ray photoelectron spectroscopy results. Hozumi 
and coworkers (Hozumi et al., 2001) claimed that well-ordered amino-terminated 
SAM could be reproducibly prepared on SiO2 substrate in a vapor above a 12.5 vol % 
solution of N-(6-aminohexyl)-3-aminopropyltrimethoxysilane diluted in absolute 
toluene, but the percentage of nitrogen present as primary amine was not reported. 
Haller (1978) prepared SAMs on silicon wafers in contact with the vapor above a 5 wt 
% solution of (3- aminopropyl)triethoxysilane in toluene refluxed for 16 h at a high 
temperature (120 °C). Although this silanization method led to homogeneous 
monolayers, it appeared to be quite cumbersome and also the percentage of primary 
amine functionality was unknown. This method was also employed by Wieringa and 
Schouten (1996) to form SAMs for surface graft polymerization.  
 
A stepwise derivatization method was reported by Lee and Ferguson (2001) as 
another alternative to produce amine-terminated SAMs. Specifically, a monolayer 
derived from 1-bromohexadecyltrichlorosilane was constructed on a silicon wafer. 
The surface bromides were then converted to azides by treatment with sodium azide 
and subsequently reduced to corresponding amine using lithium aluminum hydride. A 
surface primary amine percentage of 90 % was obtained using this method.  
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2.2 Polymeric Multilayer Thin Films through Layer-by-Layer (LBL) 
Assembly 
 
Formation of ultrathin polymer films on surfaces of solid supports by suitable 
methods enables one to achieve modification of, or improvement on, the surface 
properties for applications in the chemical and technological fields. Layer-by-layer 
(LBL) assembly is an important technique that is capable of fabricating such films. In 
this technique, alternate immersion of pretreated substrates into complementary 
polymer solutions results in a layered nanostructure. Controlled stepwise growth of 
multilayer architecture requires an efficient means of connecting individual layers. 
Several different modes of binding schemes have been exploited for linking 
individual polymer layers, including electrostatic attraction, covalent bonding, metal-
ligand coordination, charge-transfer interaction and hydrogen bonding, all of which 
will be reviewed in this section. 
 
2.2.1 Electrostatic LBL Assembly 
Alternating adsorption of polyanions and polycations on charged surfaces has been 
known as a simple and versatile tool for preparation of stable ultrathin multilayer 
films (Decher 1997; Bertrand et al., 2000), in which neighboring layers are held 
together by electrostatic interactions. The films are grown in an LBL manner by first 
immersing a charged substrate into an aqueous solution containing an oppositely 
charged polyelectrolyte, followed by rinsing and then immersion of the substrate into 
a second polyelectrolyte of charge opposite to the first. The dipping process can, in 
principle, be repeated as many times as desired since surface-charge reversal takes 
place at every adsorption step (Decher, 1997).  
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This technique is chemically simple and versatile. No elaborate apparatus is required 
and there are no restrictions with respect to the substrate type, size, and topology. 
Diversified building blocks, not only water-soluble linear charged polymers but also 
inorganic nanoparticles (Kleinfeld and Ferguson, 1994; Keller et al., 1994), graphite 
oxides (Kotov et al., 1996; Cassagneau and Fendler, 1998), dyes (Lindsay et al., 
1999) and biomolecules (Caruso et al., 1997; Anzai et al., 1999) can be assembled. 
Furthermore, the thickness and morphology of the individual layers can be controlled 
by careful tailoring of the concentration, ionic strength and pH value of the deposition 
solutions used (Yoo et al., 1998; Shiratori and Rubner, 2000; Voigt et al., 2003). 
However, the films obtained might show reduced structural integrity or tend to 
dissolve at a pH near the pKa of the ionizable groups of the polycations or polyanions, 
owing to electrostatic repulsion (Kharlampieva and Sukhishvili, 2003). For example, 
they can be etched easily in the salt-added solvents (Mao et al., 1995). Also, the films 
are not well ordered in most cases at the molecular level and characteristically exhibit 
considerable interpenetration between the adjacent layers (Baur et al., 1999).  
 
A vast literature exists concerning the exploitation of this technique in multilayer thin 
film construction and specific review will not be done in detail here. 
 
2.2.2 Electrostatic Assembly with Induced Covalent Interlayer Linkages  
Much effort has been made to induce interlayer covalent bonds after electrostatic LBL 
film construction. Such effort falls into three categories as reviewed below.  
 
2.2.2.1 Thermal Curing 
Dai and coworkers (2000) obtained a cross-linked polyamide ultrathin film. They first 
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performed alternating assembly between poly (acrylic acid) and poly (allylamine 
hydrochloride) on an aluminum substrate. Subsequently, the assembly was heated at 
225 °C to convert the original ionic bonds to amides. The cured film showed higher 
film resistance compared with that before thermal treatment.  
 
2.2.2.2 Chemical Oxidization 
Li and Haynie (2004) showed that multilayer polypeptide thin films could be formed 
from oppositely charged 32mers containing several cysteine residues and the resulting 
films became cross-linked under mild oxidizing conditions by mimicking of disulfide 
(S-S) bond stabilization of folded protein structures.  The disulfide formation 
conferred on the films a marked increase in their resistance to disintegration at acidic 
pH. The reversibility of S-S bond stabilization of the multilayer film presents further 
advantages for controlling their physical properties and applications. 
 
2.2.2.3 Photolytic Cross-linking   
Use of photosensitive diazo-resins (DAR) as polycations to undergo electrostatic 
assembly with suitably selected polyanions and subsequent UV-irradiation produces 
covalent bonds between adjacent polymer layers. For instance, with poly (acrylic 
acid) (PAA), a fraction of the carboxyl groups reacted with the diazonium groups of 
DAR to form interlayer ester linkages. As a result, the irradiated portion of the film 
showed improved stability compared to the portion that was not irradiated (Sun et al., 
2000a). Likewise, Luo et al. (2003) synthesized silver nanoclusters encapsulated by 
carboxyl shell poly (amido amine) dendrimers and carried out electrostatic assembly 
with DAR. UV irradiation led to formation of interlayer ester bonds.   The final film 
was strongly resistant to polar solvents, for example it showed better stability when 
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exposed to saturated sodium chloride solution.  
 
Other examples of this approach have also been reported. DAR and poly (aniline-co-
N-propanesulfonic acid aniline) were electrostatically assembled and UV-irradiated to 
induce interlayer –SO2–O– linkages (Sun et al., 2000). Formation of such linkages 
also occurred in the UV irradiation of multilayers formed by assembly of DAR and 
tetrasodium 5, 10, 15, 20-tetraphenyl-21H, 23H-porphine-P, P′, P″, P′″-tetrasulfonic 
acid (Sun et al., 1999). Lu and coworkers (2003) constructed stable multilayer 
ultrathin films by alternate deposition of a nitro-diazoresin and Ag nanoparticles 
followed by UV irradiation, converting the ionic bond to a covalent ether bond 
between the polymer chain and Ag nanoparticles. Similarly, UV irradiation of 
ultrathin films from 5, 10, 15, 20-tetrakis (4-hydroxyphenyl) porphyrin and DAR 
resulted in the formation of ether bonds (Yang and Cao, 2003). 
 
2.2.3 Direct Covalent LBL Assembly 
Recent years have witnessed more and more interest and effort in LBL assembly of 
ultrathin films with direct covalent interlayer bonding. This strategy features 
alternating adsorption of two reactive polymers that have pendant functional groups 
able to effect chemical coupling with each other to form covalent bonds during the 
process of assembly. Alternatively, covalent LBL assembly can also be accomplished 
with one reactive polymer in conjunction with a specially selected cross-linker. 
 
2.2.3.1 Alternating Assembly of Two Different Polymers  
Liu et al. (1997) reported a covalent process in which polyamidoamine dendrimers 
and poly (methyl vinyl ether-alt-maleic anhydride) were deposited in an LBL fashion 
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on different substrates. Interlayer amic acid moieties were formed directly during the 
fabrication process and subsequently converted to imides when subjected to thermal 
treatment. Similarly, poly (p-phenylenevinylene)s with amine and pentafluorophenyl 
ester on side chains were synthesized and assembled on solid substrates by sequential 
LBL deposition, resulting in the formation of robust multilayer thin films with amic 
esters formed directly between successive layers (Liang and Wang, 2004). 
 
Exploitation of this strategy also led to the creation of many other types of thin films.  
For instance, ultrathin hydrogels were prepared by Serizawa et al. (2002a) through 
sequential adsorption of poly (vinylamine-co-N-vinylisobutyramide) [poly(VAm-co-
NVIBA)] and activated poly (acrylic acid) (polyAAc) on a gold surface. The carboxyl 
groups of polyAAc were first activated by 1-ethyl-3-(3-(dimethylamino)propyl)-
carbodiimide hydrochloride and then coupled with the amino group of poly (VAm-co-
NVIBA) to yield the interlayer amide linkages. 
 
Chan et al. (2002) demonstrated an alternating immobilization of poly 
(phenyenevinylene) functionalized with aldehyde and aminooxy groups onto 
aldehyde-derivatized substrates via LBL deposition. The aminooxy group coupled 
with the aldehyde group to form oxime linkages between neighboring polymer layers. 
The films obtained were found to be more stable than those prepared by the 
electrostatic approach. For example, they could withstand hours of ultrasonic 
treatment in methylene chloride (the solvent for the two polymers used in the LBL 
assembly) and remain intact.  
 
Applying the same idea in a novel way, Zhang et al. (2003) carried out alternate 
adsorption of methyl-2-nitro-diphenylamine-4-diazoresin (NDR) and m- 
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methylphenol-formaldehyde resin (MPR) on polystyrene (PS) latexes with interlayer 
covalent bonds formed between NDR azo groups and MPR phenyl-hydrogens.  Such 
a process created core-shell particles, which were then turned into hollow capsules via 
dissolution of the PS cores.   
 
2.2.3.2 Assembly of a Single Polymer with the Aid of Cross-linkers 
Major and coworkers (2001) carried out covalent LBL deposition of the alternating 
copolymer of 4-hydroxyphenylmaleimide and ethyl vinyl ether 2-
diisopropylphosphonate. During the deposition process, maleimide hydroxyl groups 
in the maleimide-vinyl ether polymer layers reacted with adipoyl chloride, which was 
an introduced cross-linker, to form ester linkages.  
 
Recently, Zhang et al. (2004) developed a way to fabricate glucose biosensors by 
alternate LBL covalent attachment of poly (allylamine) and carbaldehyde-bearing 
glucose oxidase (GOD) on a cystamine-modified gold electrode, in which GOD may 
be envisioned as a cross-linker for the polymer buildup. The interlayer linkages were 
achieved through reaction between the enzyme carbaldehyde groups and the polymer 
amines to produce Schiff bases. The enzyme electrodes showed no decrease in current 
response for glucose when subjected to 50 potential cycles from 0 to 0.50 V at a scan 
rate of 50 mV s−1 in a 0.1-M phosphate buffer solution (pH 6.8) containing 0.25-mM 
ferrocenemethanol; and only 1 % decrease was found in the following 100 potential 
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2.2.4 LBL Assembly Based on Other Interlayer Binding Mechanisms 
 
2.2.4.1 Coordination 
Coordination chemistry represents an important strategy for the preparation of supra-
molecular structures (Lehn, 1988). For example, it has been used in LBL assembly of 
alternating copolymers possessing pendant phosphonate groups (Kohli and Blanchard, 
1999). In order to achieve a stable multilayer architecture, ZrOCl2 was selected as a 
bridging agent to form strong Zr-phosphonate complexes between adjacent polymer 
layers. In another example, self-organized multilayer films were prepared by Xiong et 
al. (1998) through alternating adsorption of poly (copper styrene-4-sulfonate) and 
poly (4-vinylpyridine) taking advantage of the specific coordination between pyridine 
and copper ion. Such films were then exposed to diffusion of hydrogen sulfide (H2S) 
gas and hybrid Cu2S-particle/polymer structures resulted.  
 
2.2.4.2 Physical Adsorption 
Serizawa et al. (2002) found that LBL assembly between certain polymers can be 
achieved if one polymer layer does not dissolve during the next immersion step, even 
though there is no specific interaction between the polymers. In a specific study, they 
investigated the stepwise assembly of poly (vinyl alcohol) (PVA) and poly (methyl 
methacrylate) (PMMA) from NaCl-containing-aqueous and organic solutions, 
respectively, onto a quartz crystal microbalance. Such assembly could also be 
extended to combinations of PVA and other hydrophobic polymers including 
polystyrene, poly (D, L-lactide) and poly (dimethylsiloxane). The same research 
group has also performed LBL assembly of stereo-regular PMMA and Poly 
(methacrylic acid) based on stereocomplex formation (Serizawa et al., 2000; Hamada 
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et al., 2001). Physical adsorption was also used to incorporate nonpolar polymers, 
such as polystyrene and poly [2-(6′-cyano-6′-methylheptyloxy)-1, 4-phenylene], into 
electrostatic multilayers of poly (diallyldimethylammonium chloride) and poly 
(styrene sulfonate) sodium salt (Rouse and Ferguson, 2002). 
 
2.2.4.3 Charge Transfer 
A charge-transfer interaction is known to exist between electron-donating and -
accepting species. So it can be utilized as a driving force for alternating adsorption of 
two kinds of nonionic polymers, both of which have electron-donating or -accepting 
groups as side chains. Based on this idea, a nanolayered film was fabricated through 
alternating assembly of two synthetic polymers, poly [2-(9-carbazolyl)ethyl 
methacrylate] and poly[2-[(3,5-dinitrobenzoyl)oxy]ethyl methacrylate], the former 
having carbazole groups as electron donors and the latter having 3,5-dinitrobenzoyl 
moieties as electron acceptors (Shimazaki et al., 2000). Likewise, Wang et al. (2003) 
developed an LBL self-assembled ultrathin film via alternating immersion of 
substrates into dilute dimethyl sulfoxide solutions of π-conjugated poly 
(dithiafulvene) (electron donating) and poly (hexanyl viologen) (electron accepting). 
Interestingly, the film obtained showed quite different electrical conductivities in the 
directions along and perpendicular to the surface of the multilayer film. 
 
2.2.4.4 Hydrogen Bonding 
Hydrogen bonding can also be used as a driving force for assembly of polymer chains 
in an LBL manner. This approach was first demonstrated by Stockton and Rubner 
(1997), with polyaniline and a variety of other polymers, including poly 
(vinylpyrrolidone), poly (vinyl alcohol), poly (acrylamide) and poly (ethylene oxide). 
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The films obtained were relatively thick with high polyaniline content and exhibited 
larger conductivities, compared with films assembled electrostatically.  
 
Following the same principle, Wang et al. (2000) obtained an LBL assembled film 
from p-(hexaflouro-2-hydroxylisopropyl)-R-methylstyrene/styrene copolymer and 
poly (4-vinylpyridine) via hydrogen bonding between hydroxyl groups and pyridine 
rings in chloroform. Sukhishvili and Granick (2000) prepared multilayered thin film 
through alternating assembly of poly (methacrylic acid) and poly (vinylpyrrolidone) 
in which the interlayer hydrogen bonds are formed between the acid hydroxyl groups 
and pyrolidone oxygen atoms. The resulting films could be erased by environmental 
stimuli such as changes in pH, ionic strength and electric field. These erasable 
polymer multilayers were envisioned to have new applications in areas ranging from 
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2.3 Polyimides (PIs) 
 
2.3.1 Synthesis 
2.3.1.1 Two-step Route or Precursor Route 
Most polyimides (PIs) possess extended rigid planar aromatic or hetero-aromatic 
structures; therefore, they are usually infusible before decomposition and insoluble in 
common solvents. This problem has been solved at DuPont by synthesizing the 
soluble polymer precursor, namely poly (amic acid) or PAA, and then converting it to 
the final PI (Sroog et al., 1965). The two steps involved are reviewed here in detail.  
 
Preparation of  PAA 
When a diamine and a dianhydride in a dipolar aprotic solvent are mixed at ambient 
temperatures, PAA is rapidly formed through nucleophilic substitution at one of the 
carbonyl carbon atoms of dianhydride with the diamine molecule. The reaction is 
reversible with equilibrium constants greater than 105 mol-1 at ambient temperature 
(Ardashnikov et al., 1971; Korshak et al., 1974; Nechav et al., 1976). The forward 
reaction is second-order while the reverse a first-order one; therefore, high monomer 
concentrations lead to the formation of higher molecular weight PAA.  
 
Molecular weight of the products was influenced by the order and the mode of 
monomer addition: the highest molecular weights were obtained when a slight 
stoichiometric excess of solid dianhydride was added to solutions of diamines (Frost 
and Kesse, 1964). Temperature was also found to be critical, and the best results were 
obtained when the polymerization was carried out between –20 ˚C and 70 ˚C (Bell, 
1978).  
 23
                                                                                            Chapter 2. Literature survey                        
The most significant side reaction is hydrolysis of the anhydride, which competes 
with the propagation reaction and causes a gradual decrease in molecular weight and 
viscosity (Bell et al., 1976; Sutton R. F., 1988). A second severe side reaction arises 
with solvent impurities (Kaas R. L., 1981). Some amide solvents often contain amine 
impurities that can compete with the monomeric diamine throughout the 
polymerization cycle. Such reactions upset the monomer stoichiometry and can lead 
to unreactive chain ends.  
 
Imidization 
Thermal Method. This method is suitable for preparation of PI thin films, coatings and 
fibers (Bikales N., 1969; Grayson M., 1982). PAA is dried and then subjected to 
specific heating cycles. One of the most popular heating cycles consists of one hour at 
100 ˚C, followed by one hour at 200 ˚C and then one hour at 300 ˚C (Bell et al., 1976). 
The maximum degree of imidization achieved via such a stepwise cycle was reported 
to be 85 percent. A much higher degree of imidization (greater than 99 percent) was 
obtained by constant heating at 230 ˚C - 250 ˚C for 10 minutes (Endrey, 1965).  
 
Chemical Method. PAA could be converted to the corresponding PI at ambient 
temperature by treatment with mixtures of aliphatic carboxylic acid dianhydrides and 
tertiary amines (Endrey A. L., 1965).  
 
2.3.1.2 One-Pot Synthesis 
PIs soluble in organic solvents at polymerization temperature were often prepared via 
a one-step route (Lavrov et al., 1980; Harris and Hus, 1989). In this process, a 
stoichiometric mixture of monomers was heated in a boiling solvent or a mixture of 
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solvents in a temperature range of 140 ˚C - 250 ˚C where the imidization reaction 
proceeded rapidly. Commonly used solvents included nitrobenzene, benzonitrile, 
trichlorobenzenes, m-cresol, chlorophenol, N-methylpyrrolidinone and 
dimethylsufoxide, etc. During polymerization, water was distilled off continually 
along with the solvent. An azeotropic mixture may be formed and distilled off with 
water when benzene or toluene was used as a co-solvent, which favors formation of 
polyimide. At intermediate temperatures of 30 ˚C - 100 ˚C, the mixture was a viscous 
solution composed of diamine, anhydride and solvent. Upon raising the temperature 
to 120 ˚C - 160 ˚C, a vigorous evolution of water occurred and the reaction mixture 
suddenly became a homogeneous system in which the product was essentially a 
lower-molecular-weight polyimide having dicarboxyl and amino end groups. In 
general, imidization reaction was catalyzed by acid (Lavrov et al., 1980), but tertiary 
amines were found to be effective catalysts in m-cresol and neutral solvents such as 
dichlorobenzene (White D. M., 1982a; White D. M., 1982b). Alkali metal and zinc 
salts of carboxylic acids (Takekoshi and Klopfer, 1981), and salts of certain organo-
phosphorus compounds (Takekoshi, 1982) were also very efficient catalysts for one-
step synthesis. Various high-molecular-weight polyetherimides were prepared from 
tetracarboxylic acids and diamine by melt polymerization (Gribanov et al., 1987) and 
by a high temperature solution method (Sugitani et al., 1991).  
 
2.3.2 Properties  
2.3.2.1 Thermal Stability 
Pyrolysis testing conducted by Hu et al. (1988) showed that PI dissociation began at 
temperatures of 550 °C or above; when subjected to temperatures higher than 650 °C, 
the functional groups began to evolve gases. At temperatures up to 1000 °C, 
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amorphous carbon was formed, while above 2000 °C, it was converted to 
microcrystalline graphite. Gibbs (1979) reported that aging of 3.175 mm PI 
microtensile bars (synthesized from diaminodiphenylether and 4,4’-
(hexafluoroisopropylidene) diphthalic anhydride) in air resulted in a reduction of the 
initial 60 % elongation at 260 °C to 4 % after 10, 000 h, with a retention of 90 % of 
the 260 °C tensile strength over the same period.  
 
2.3.2.2 Mechanical Properties 
Isotropic PI films possessed a Young’s modulus of 3000 MPa to 10, 000 MPa 
(Bessonov and Rudadov, 1977). For highly oriented PI fibres, this value could be as 
high as 100, 000 MPa or even larger. The moduli of the nonlinear elasticity of highly 
oriented crystalline fibres increased with the degree of crystallinity and stretching 
(Trelour, 1960). Pyromellitic dianhydride (PMDA)-based PI fibres seemed to have 
lower moduli than benzophenonetetracarboxylic dianhydride (BTDA)-based ones; 
and paraphenylene diamine (PDA)-based fibres showed higher modulus than 
oxydianiline (ODA)-based ones (Mita et al., 1988).  
 
2.3.2.3 Dielectric Properties 
PIs were attractive as an inter-level dielectric in integrated circuit fabrication because 
of their low relative permittivity (Rothmon, 1980), low losses over a wide frequency 
range (Jensen and Lai, 1989) and high breakdown voltage (Rothmon, 1980; Soane 
and Martynenko, 1989). Fluorinated polyimide showed a dielectric constant lower 
than 3.0 (Takeda et al., 1988). Most of the PIs showed dielectric relaxation which 
should be minimized in electronic applications when they were exposed to a plasma 
treatment, however some fluorinated PIs did not show this relaxation behavior due to 
 26
                                                                                            Chapter 2. Literature survey                        
their excellent dielectric properties (Hu and Chen, 1992).  
 
2.3.3 Soluble PIs Containing Additional Functional Groups 
Most PIs are known to be insoluble in common solvents. The key reasons for such 
insolubility lie in the lack of chain flexibility, strong inter-chain interactions due to 
high symmetry and presence of highly polar groups.    Three main structural 
manipulations have been used for solubility improvement (Ren et al., 2001; Zuo and 
Takeichi, 1999): (1) incorporation of thermally stable but flexible or non-symmetrical 
linkages in the backbone; (2) introduction of large polar or non-polar substituents 
pendant from the polymer backbone; and (3) disruption of symmetry and recurrence 
of regularity through copolymerization.  
 
Incorporation of flexible linkages such as -O-, -CH2-, -SO2- and hexafluoro-
isopropylidene (-C(CF3)2-) group into the polymer backbone introduces “ kinks” to 
the main chain, which are able to decrease the rigidity of the polymer backbone and 
inhibit chain packing, thus reducing the interchain interactions and giving rise to 
enhanced solubility. Among the above-mentioned linkages, the hexafluoro-
isopropylidene (-C(CF3)2-) group is the most frequently used for reducing symmetry 
and introducing flexibility. Therefore, a lot of the soluble PIs used these groups. 
Reviewed below are some examples of soluble PIs with various functional groups 
pendant from the backbone.  
 
2.3.3.1 PI Containing Carboxylic Acid Groups 
Fluoro-isopropylidene dianhydride (6FDA)-based copolyimide with carboxylic acid 
pendant groups have been investigated by Ren et al. (2001).  The copolyimides were 
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obtained by polycondensation of the 6FDA with a combination of various diamines 
including 2, 3, 5, 6-tetramethyl-1, 4-phenylene diamine (4MPD), 4, 4-
hexafluoroisopropylidene dianiline (6FpDA) and 3, 5-diaminobenzoic acid (DABA). 
The degree of cross-linking in such copolyimides could be controlled by varying the 
content of DABA in the combination of diamines due to its pendent carboxylic group. 
All non-crosslinked PIs and copolyimides showed good solubility in tetrahydrofuran. 
Cross-linkings can be achieved among chains of this functional polymer, with the 
former through hydrogen bonds between the free carboxylic acid groups and the latter 
through treatment of the carboxylic acid groups with ethylene glycol.   
 
2.3.3.2 PI Containing Hydroxyl Groups   
Zuo and Takeichi (1999) reported preparation of soluble PIs containing hydroxyl 
groups from 6FDA and 3, 3’-diamino-4, 4’-dihydroxybiphenyl (AHBP). The content 
of hydroxyl functional groups in the product was tuned by using mixtures of AHBP 
and oxydianiline with different compositions. Formation of PI containing hydroxyl 
groups was confirmed by infrared spectrum from the absorptions of the imide 
function at 1780 cm-1, 1380 cm-1, 720 cm-1 and hydroxyl group at 3400 cm-1.  The 
hydroxyl PIs obtained were soluble in both NMP and THF. They were further used to 
prepare a novel type of poly (urethane–imide) by the reaction between terminal 
isocyanates in the polyurethane prepolymer and pendent hydroxyl groups in PIs. 
 
2.3.3.3 PI Containing Halogen or Cyano Groups 
Li. et al. (1999) reported synthesis and characterization of PIs containing halogen or 
cyano groups. These PIs are considered to be soluble in a solvent (NMP, DMF, 
DMAc, THF, acetone or cyclopentanone) if a solution of 5 % (w/w) concentration 
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could be prepared. Their observations show that the 6FDA-based PIs are soluble in all 
of these common organic solvents. The surprising solubility of these PIs can be 
partially attributed to the incorporation of twisted-biphenyl diamines. These non-
coplanar diamines disrupt chain packing, eliminating crystallinity and interrupting 
conjugations along the chain backbones. The resulting relatively loose packing of 
these PIs permits solvent molecules to solvate the polymeric chains better. Another 
important factor towards increasing the solubility comes from the asymmetric linkage 
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2.4 Electroconducting Polymers 
 
2.4.1 General Introduction 
In recent years, electroconducting polymers such as polyacetylene, polyaniline, 
polypyrrole, polythiophene, polyphenylene and their derivatives, have become one of 
the most important areas in polymer science. An essential characteristic of such 
polymers is the rigid conjugated structure that is able to transport charges. 
Unfortunately, such rigid structures are inherently insoluble, thus making it 
impossible to process these polymers as required in various fields of applications. 
Continuous attempts have been made in improving the solubility of conductive 
polymers. For instance, polythiophenes could be rendered soluble by appropriate 
modification of their molecular structure, such as the introduction of alkyl side chains 
(Hotta et al, 1987) or dendrimers (Malenfant and Frechet, 2000) at the “3” position. 
Soluble polypyrrole were obtained by chemical polymerization of the pyrrole 
monomer in the presence of ammonium persulfate as an oxidant and large-size 
dodecylbenzene sulfonic acid as a dopant to reduce the molecular interactions 
between the polymeric chains (Lee et al., 1995).  
 
Among these polymers, polyheterocycles such as the pyrrole and thiophene families 
are of great interest attributed to their ease of preparation, high conductivity, 
environmental stability and interesting redox properties (Skotheim et al., 1998; Kang 
et al., 1986; Wang and Rubner, 1990). Their thermal and mechanical stabilities could 
be improved in the form of composites containing robust polymers that serve as 
matrices. Polyethylene (Dijk et al., 1993), poly (vinyl chloride) (Masakazu and Hideo, 
1993), poly (vinyl alcohol) (Takeaki and Seizo, 1986), polystryene (Ruckenstein and 
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Park, 1991) and polyurethane (Bi and Pei, 1987) have been used for this purpose. In 
addition, composites of polypyrrole with polyimide (Tieke and Gabriel, 1990), 
arachidic acid (Park et al., 1996) and polypropylene have also been fabricated. These 
composites were prepared by either electrochemical polymerization of pyrrole on an 
electrode or by exposing substrates containing ferric chloride as an oxidant to pyrrole 
vapor. In all these cases, polypyrrole was prepared as a separate film attached to a 
substrate. 
 
2.4.2 Poly (thiophene-3-acetic acid), or PTAA  
2.4.2.1 Synthesis and Properties 
Based on literature, PTAA has been prepared chemically through three routes, all of 
which employ anhydrous ferric chloride as the oxidizing initiator. The first one uses 
3-thiophene acetic acid (3TAA) as the monomer directly for polymerization (Souza 
and Pereira, 2001; Ding et al., 2000). The second route starts with ethyl 3-thiophene 
acetate as the monomer instead and the polyacetate obtained was converted into 
PTAA by treatment with sodium hydroxide and hydrogen chloride, respectively 
(Hsieh et al., 2001; Kim et al., 1999). In the third route, 3TAA was refluxed in dry 
methanol in the presence of concentrated H2SO4 to give 3-thiophene methyl acetate 
(3TMA) for purpose of protecting against oxidative decomposition of the carboxylic 
acid moiety of the monomer during polymerization; the protected monomer, 3TMA, 
was then polymerized and hydrolyzed to give the final product PTAA (Kim and Chen 
et al., 1999). PTAA has a good solubility in alkaline media and the carboxyl groups in 
its lateral chain can enable protonation/deprotonation processes depending on the 
potential control (Li and Aoki, 1998) in a way similar to that of the sulfonated groups 
in a sulfonated polyaniline backbone. 
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2.4.2.2 Application of PTAA in Composite Thin Film Fabrication 
PTAA/TiO2 nanocomposites were fabricated at various solid surfaces by 
consecutively adsorbing PTAA and TiCl4. The driving force for this LBL process is 
the interfacial chelating bond between carboxylate groups and titanium. Under light 
illumination, such films displayed an increased photocurrent (Ding et al., 2002). 
Nanostructured films from two conducting polymers, poly (o-methoxyaniline) and 
PTAA, were fabricated with the LBL technique based on electrostatic interaction 
(Francisco et al., 2004). PTAA was also reported to undergo LBL assembly with a 
chromophore (Sato et al., 1999) for second-order non-linear optical investigation, 
chitosan (Constantine et al., 2003) for enzyme immobilization, polypyrrole (De Melo 
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2.5 Thin and Ultrathin Polyimide (PI) Films 
 
2.5.1 Cast and Spin-Coated PI Films 
Since most PIs are insoluble, their films are normally fabricated in a two-step process 
by spin casting from a solution of the poly(amic acid), PAA, in solvents such as 1-
methyl-2-pyrrolidinone (NMP) or N, N-dimethylacetamide (DMAc), and then 
thermally or chemically dehydrating into the final PI form. However, this process 
leads to problems such as inefficient cyclization, difficulty in removal of water and 
the formation of microvoids in the final material. Many PIs require processing in 
harsh solvents such as sulfuric acid, which is very difficult to remove completely.  
Moreover, the viscosity of the polymer solution and the spinning speed limit thin film 
thickness obtainable by spin casting, with a typical minimum thickness on the order of 
micrometers.  
 
2.5.2 PI Films from Alternating Vapor Deposition Polymerization  
Vapor deposition polymerization (VDP) method is a powerful tool for producing 
polymeric thin films through polycondensation (Fischer et al., 1996; Salem et al., 
1986; Takahashi et al., 1987) or polyaddition (Fujioka et al., 1989; Kanetake et al., 
1987) in a solvent-free procedure. VDP has been widely employed to prepare thin 
films of polyurea (Fukada, 2000; Hitoshi et al, 2004), polyamide (Kubono et al., 
1991), polypeptide (Wang and Chang, 2003), PI (Bitzer and Richardson, 1997; 
Muguruma et al., 2003) and so on. In a typical VDP polycondensation process, two 
kinds of bifunctional monomers such as a diacidchloride and a diamine, which can 
react easily at their chain ends, are deposited simultaneously or alternatively onto a 
substrate in ultrahigh vacuum at high temperature. In such a manner, an in situ 
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thickness control of the growing layer is possible, providing the option of preparing 
films thinner than those obtained by solution techniques such as spin coating or 
casting (Alvarado et al., 2001). Furthermore, monomers adsorb chemically only to the 
reactive sites on the substrate and the unreacted species will leave the substrate and 
return to the bulk phase with the aid of vacuum. The films prepared in this way 
exhibit a higher degree of molecular orientation perpendicular to the substrate surface 
compared with cast or spin coated films (Shao et al., 1997; Kubono et al., 1991). In 
addition, the structure and orientation of some VDP thin films is dependent on 
substrate temperature and monomer flux (Kubono et al., 1993; Kubono et al., 1992).  
 
Grunze and Lamb (1987) reported that 4.4-oxydianiline (ODA) and 1,2,3,5-
benzenetetracarboxylic anhydride (PMDA) deposited from the vapor phase onto a 
polycrystalline silver substrate polymerized to form ultrathin polyimide films about 
11 Å thick and thermally stable (T < 450 ◦C). They found that adhesion of the PI film 
to the surface involved chemical bonding to fragmented PMDA and/or ODA 
chemisorbed on the substrate. They also showed that PI films can be prepared 
sufficiently thin to allow the application of surface sensitive techniques to probe the 
substrate-polymer interface and to study the basic physics and chemistry of adhesion. 
In a similar way, ultrathin films of aromatic PIs were produced by vapor deposition 
polymerization of N-silylated aromatic diamines and aromatic tetracarboxylic 
dithioanhydride (Iijima et al. 1991).  
 
Bitzer and Richardson (1997) have demonstrated the growth of an ultrathin PI film on 
Si (100)-2×1 with the VDP method using phenylene diamine (PDA) and pyromellitic 
dianhydride (PMDA). They observed that PDA binds to the silicon dimer via a Si–
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NH–C linkage and the detached hydrogen saturates one of the Si dangling bonds.  No 
information is available concerning the quality and surface morphology of the film 
obtained in their work.  
 
Interestingly, Muguruma et al. (2003) synthesized a new type of PI thin film, with an 
oligothiophene backbone embedded in the main chain, by the VDP technique. X-ray 
diffraction patterns show that the VDP PI film has a regular structure and that the 
curing process produces a vertical reorientation of the resulting PI chains. Kubono et 
al. (1993) fabricated PAA films and PI films on silicon wafer substrates maintained at 
various temperatures by vapor deposition polymerization. At a substrate temperature 
below 125 ◦C, PAA films formed and those annealed at above 125 ◦C transformed to 
PI films. Films prepared at 125 ◦C had higher degree of molecular orientation 
perpendicular to the substrate than those prepared at 25 ◦C. At substrate temperatures 
above 175 ◦C, a PI thin film was formed directly with chains perpendicular to the 
substrate. The PI films prepared at a high substrate temperature exhibited greater 
thermal stability than those prepared at a low temperature. 
 
2.5.3 Langmuir–Blodgett PI Films 
The Langmuir–Blodgett (LB) technique is one of the most conventional methods for 
nano-film fabrication in which organized systems of moieties are efficiently built one 
monolayer at a time. Typically in this technique, a proper amount of amphiphilic 
species (such as stearic acid) dissolved in a water-immiscible, volatile organic solvent 
such as chloroform is first placed on a water surface; after evaporation of the solvent, 
the material is compressed with movable barriers to form a monolayer, referred to as a 
Langmuir monolayer; subsequently, the Langmuir monolayer is transferred onto a 
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solid support via up-and-down strokes of the latter through the air-water interface 
(Blodgett and Langmuir, 1937). The LB apparatus includes a Langmuir trough with a 
dipping device to lower or raise the substrate through the gas–liquid interface, an 
automated movable barrier, which moves during the deposition process in order to 
maintain a controlled surface pressure, and a surface pressure sensor that controls the 
movable barrier (Evans and Wennerstrom, 1999). 
 
The appealing feature of LB technique lies in its intrinsic control of the internal layer 
structure down to the molecular level and the precise control of the resulting film 
thickness. In addition, it has proven to yield ordered monolayer or multilayer film 
architecture (Cha et al., 2001; Khomutov et al., 2002). However, LB films of low 
molecular weight organic amphiphiles are not stable enough to meet the requirement 
for a variety of applications (Spink, 1967). Furthermore, for some amphiphiles, 
transfer ratio of LB film during the upward passage of the substrate often decreases 
gradually as the number of accumulated layers increases. Several models for the cause 
of this problem have been proposed (Momose et al., 1980). 
 
Most PAAs themselves do not possess amphiphilicity, which is a necessary condition 
for LB film formation; meanwhile, PAA is very sensitive to water and will gradually 
degrade upon exposure to moisture (Bell et al., 1976; Sutton R. F., 1988). Therefore, 
LB PI films are typically fabricated from amphiphilic salts comprising PAAs and long 
alkyl chain amines such as N-icosylpyrrolidine (Tamada et al., 1994), N, N-
dimethylhexadecylamine (Kakimoto et al., 1986), and n-octadecylamine (Schoch et 
al., 1993). Generally, a monolayer of PAA alkylamine salt is first spread at the air-
water interface and then transferred on to a plate of glass, quartz or silicon wafer 
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using an alternate dip-and-pull operation. The film is finally imidized by thermal or 
chemical treatment. Sometimes the alkylamine needs to be removed from the final PI 
film because it is very different from PI in terms of properties and performances. 
Sasaki et al. (1992) immersed LB films of PAA alkylamine salt in acetic anhydride 
and found that about 80 % of the alkylamine was removed after immersion for less 
than 1 min at room temperature. However, it is not clear whether such removal 
brought any adverse effect to the film and whether the alkylamine removal could go 
to completeness with further treatments. 
 
The LB technique has been employed by many researchers to fabricate PI thin films. 
Zhao and Boerio (1998) deposited ultrathin films of the dimethylhexadecylamine salt 
of the PAA of pyromellitic dianhydride (PMDA) and oxydianiline (ODA) onto silver 
substrates using the LB technique. They found no strong interaction between the 
tertiary amine salt films and the silver substrates. They also found that the ODA 
moieties were parallel to the silver surfaces in the as-deposited films. However, imide 
formation induced an orientation in which the PMDA moieties became more 
perpendicular to the silver surface while the ODA moieties were more parallel. Jeong 
et al. (2001) obtained an ordered PI-LB film by imidizing an LB film of PAA/N, N-
dimethylhexadecylamonium salt precursor with a thermal treatment. The thickness of 
one layer of the PAA salt and PI-LB films were found to be 20.9 Å and 4 Å, 
respectively. Srinivasan et al. (2002) fabricated an LB film of PAA-octadecylamine 
salt and then employed a unique imidization procedure carried out in supercritical 
carbon dioxide. In this case, imidisation was complete in a short time, and the spectral 
characteristics were similar to those of films imidized by conventional thermal and 
chemical methods.  
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In contrast to the conventional techniques reviewed above, a direct route that uses 
soluble PI instead of its precursor as building blocks was employed to fabricate PI-LB 
films. For example, Zhu et al. (1997) obtained PI-LB films directly from three kinds 
of soluble PIs without using alkylamines. The attractiveness of this route is that there 
is no need for imidisation after film deposition.  
 
2.5.4 Electrostatic Self-Assembled PI Films 
Anderson et al. (2001) carried out LBL electrostatic deposition of poly (diallyl 
dimethylammonium chloride) (PDDA) and an Ultem-type PAA salt on the surface of 
a gold substrate (“Ultem” is the name of a PI manufactured by General Electric). 
Following deposition, heat treatment converted the PAA salt into a PI. A decrease in 
the thin film thickness, an increase in the interfacial contact angle, and a decreased 
dielectric constant were observed after the heat treatment. They concluded that the 
electrostatic method for depositing precursors of PIs followed by heat treatment 
produces thin films that have structural and physical properties consistent with those 
of spin-cast PI thin films.  
 
Moriguchi et al. (1999) reported the LBL assembly of poly 
(diallyldimethylammonium chloride) (PDDA) and PAA onto quartz and mica 
substrates. Pyrolysis of the self-assembled films by heating to 1000 °C led to 
carbonization of a PI intermediate and subsequent formation of a graphite-like 
carbonaceous film with conductivities in the 150 - 200 S cm-1 range. Magnetic 
ultrathin films of PI have been fabricated by Liu and Wang et al. (1997) via alternate 
dipping of a substrate into an aqueous solution of PAA salt, followed by dipping into 
an aqueous solution of PDDA-coated Fe3O4 particles.  
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A new type of PI multilayer film was obtained from an alkali-soluble aromatic PIs 
containing both pendent phenyl and acid groups through alternate electrostatic 
assembly with protonated poly (ethyleneimine) (Choi et al., 2004).  
 
2.5.5 Covalently Self-Assembled Imide-Containing Polymeric Thin Films 
Covalent-bonding self-assembly is advantageous over the LB technique and 
electrostatic self-assembly in the sense that each layer in the self-assembled film can 
be covalently linked to its underlying layer, and no excessive deposition can take 
place as it is limited by the reactive sites on the layer surface. In this technique, the 
molecules are transferred to the surface of a solid substrate from the liquid phase 
containing self-assembling material by a dipping process, and subsequently, a highly 
organized and densely packed molecular layer forms spontaneously on the substrate. 
The formation of the self-assembled monolayer is driven by a strong interaction 
between the substrate and a surface-specific functional group of the adsorbate.  
 
Employing this technique, Liu et al. (1997) reported a covalent process in which 
polyamidoamine (PAMAM) dendrimers and Gantrez (poly (methyl vinyl ether-alt-
maleic anhydride)) were covalently deposited in a LBL fashion. Heating these films 
produced a passivating PI film. Similarly, Dai et al. (2000) prepared an ultrathin PI 
film through LBL deposition of Gantrez and poly (allyamine) on an aluminum 
substrate followed by thermal treatment, which converted the interlayer linkage of 
amic acid into imide. Strictly speaking, the film thus obtained should not be called a 
PI film, since imide functionality serves only as the interlayer linkage between 
Gantrez and poly (allyamine), whose mechanical strength and thermal stability are not 
sufficiently high. 
 39
                                                                                            Chapter 2. Literature survey                        
2.6 Thin Films of Polyimide Composites Containing 
Electroconducting Polymers: PI/EP Composite 
 
2.6.1 PIs as Matrices for Inclusion of Guest Species 
Because of their attractive properties, PIs have been considered as host matrices for 
inclusion of active molecular moieties for various applications. For example, 
chromophores for nonlinear optics (Kenis et al., 1997; Yokoyama et al., 1996), 
electroluminescent moieties (Wu et al., 1996) and structures providing liquid-crystal 
orientation (Akiyama et al. 1995) have been introduced into PI systems through 
judicious molecular design. Electrical conductivity has been imparted to PIs by 
formation of composites with conducting species such as polyaniline (Han et al., 
2002), thiophenes (Wang and Srinivasan, 1999), pyrroles (Tieke et al., 1990; 
Selampinar et al. 1997; Srinivasan and Jing, 1998), graphite granules (Lin and Chiu, 
2002), carbon nanotubes (Ounaies et al., 2003; Park et al., 2002). Southward et al. 
(1997) demonstrated the preparation of reflective PI composites by casting PAA with 
silver acetate followed by imidization. In contrast, Boggess et al. (1997) obtained such 
a composite by impregnation of an organometallic silver compound into a fully cured 
PI matrix using supercritical carbon dioxide as a solvent. 
 
2.6.2 Fabrication of PI/EP Composite Films 
2.6.2.1 Solution Blending  
Polyaniline/PI blended films were obtained using a solution blending technique 
reported by Min (1999).   Polyaniline and PAA were dissolved in a co-solvent, such 
as N-methylpyrrolidinone (NMP), and then the mixed solution was cast on a substrate 
and thermal imidization was carried out. The blended film with 30 % (wt) polyaniline 
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loading showed a conductivity of about 0.5 S/cm after being doped with 5-M HCl for 
about 72 h and vacuum dried for about 24 h. Slightly different from the above 
procedure, Han et al. (1998) blended a pre-doped polyaniline and PAA for subsequent 
casting and thermal imidization. The conductivity of a blend film containing 30 % 
polyaniline was 4.33 × 10-4 S/cm. The blend films exhibited a good stability of 
conductivity at elevated temperatures.  
 
2.6.2.2 Penetration, Dispersion or Absorption of Guest Species into Host 
Matrices 
Composite PI films with conductive surfaces were synthesized by Wang and 
Srinivasan (1999) by permeation of polythiophene in tetrahydrofuran into a solution 
of polyamic acid in NMP. The resulting composite was imidized chemically, and the 
conducting component was stable in the composite even after solvent extraction. The 
sheet resistance of the composite decreased rapidly upon exposure to iodine; this 
effect was similar to, though slower than that observed for pure poly (dodecyl 
thiophene). Also, the composite recovered conductivity after a few hours of exposure 
to the dopant subsequent to de-doping. The higher mobility afforded by contact in the 
liquid state may contribute to entanglement between the constituents leading to 
greater thermal and solvent resistance of the conducting constituent.   
 
Tieke and Gabriel (1990) described the preparation of novel polypyrrole/PI composite 
films combining high electrical conductivity with high thermal stability. They 
performed electrochemical and chemical polymerization of pyrrole monomers 
dispersed in matrices of soluble PI. The maximum conductivities of electrochemically 
and chemically polymerized composite films were 10 Scm-1 and 5 × 10-4 Scm-1, 
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respectively. Both films were thermally stable up to 350 °C. A similar surface 
absorption procedure was employed by Meador et al. (1997) to obtain conductive PI 
films incorporating poly (3-methylthiophene) or polypyrrole. The procedure involved 
soaking pure PI matrices in neat pyrrole or 3-methylthiophene monomers and 
subsequent polymerization of these monomers through chemical oxidation. However, 
the PI matrix used in this procedure was not soluble or able to swell; therefore there 
was a drawback of limited diffusion of the conducting species or its precursor into the 
rigid host matrix.   
 
2.6.2.3 Electrostatic Assembly 
Baur et al. (1996) described their work on conductive PI films fabricated through 
alternate adsorption of PAA and electroactive polycations such as doped polyaniline 
(PANi) and the tetrahydrothiophene precursor of poly (p-phenylene vinylene) (PPV). 
In both cases, a linear growth of film thickness was observed with increasing number 
of bilayers assembled. By controlling the ionic strength of the PAA solution, the 
bilayer thickness could be varied from 10 Å to 100 Å, depending on the polycation 
used. For the PAA/PANi self-assembled film, an electrical conductivity of 0.5 S/cm 
could be achieved prior to PAA conversion to PI, but the conductivity was reduced 
drastically when the ionic strength of the PAA solution was increased or PAA was 
converted to PI. The PAA/precursor PPV self-assembly and its subsequent thermal 
treatment demonstrated the feasibility of one route of building composite thin films: 
that is to convert an ionic polymeric assembled precursor film to its corresponding 
nonionic desired form. Upon such a conversion, very hydrophobic film surface 
resulted, as revealed by advancing sessile water drop contact angle measurements. 
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2.6.2.4 Langmuir-Blodgett Deposition  
Srinivasan and Jing (1998) reported the preparation of composite LB films 
comprising alternating monolayers of PI derived from PAA octadecylamine salt and 
poly (3-n-octyl pyrrole). The composite film was prepared by a two-step procedure. 
First, 3-n-octyl pyrrole was polymerized as a Langmuir film spread on aqueous 
solution of ferric chloride as the oxidizing agent; subsequently, the PAA salt was 
imidized thermally to complete the processing. Poly (3-n-octyl) pyrrole, the less 
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2.7 Polymer/Gold Nanoparticle (AuNP) Composite Films 
 
2.7.1 AuNP preparation 
2.7.1.1 Capped or Encapsulated AuNP: Two-Phase Synthesis 
Capped or encapsulated AuNPs are normally prepared following a two-phase 
approach wherein metal ions are transferred to the organic layer using a phase transfer 
molecule and thereafter, reduced in the presence of suitable capping agents such as 
alkanethiols or alkylamines. 
 
For example, colloidal gold was synthesized by borohydride reduction of aqueous 
HAuCl4 solution. This resulted in a red colloidal suspension, to which octadecylamine 
(ODA) in toluene was added to yield immiscible layers of the colorless organic 
solution on top of the red-colored gold hydrosol. Vigorous shaking resulted in rapid 
transfer of the Au NP into the organic phase (Sastry et al., 2001). The amine-capped 
AuNP showed a broadening of the surface plasmon resonance and a slight shift in the 
resonance wavelength, compared with those of the uncapped one. These changes are 
consistent with surface coordination of the gold particles with ODA and may also 
indicate some degree of aggregation during phase transfer.  (Sastry et al., 2001) 
 
In a similar manner, dodecylamine capped AuNPs were prepared by Leff et al. 
(1996), who presented evidence that primary amines are bound to colloidal gold by 
weak covalent interactions. AuNPs have also been synthesized and capped with thiols 
bearing different tail groups such as amino, hydroxyl, carboxyl, methyl (Johnson et al., 
1998). Grohn et al. (2000) reported dendrimer-templated synthesis of AuNPs. 
Aqueous solutions of a dendrimer were prepared and then mixed with aqueous 
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solutions of HAuCl4 with controlled stoichiometries. After adequate stirring, sodium 
borohydride in sodium hydroxide solution was added. The light yellow dendrimer / 
HAuCl4 solutions immediately turned brown or red, indicating the formation of 
colloidal gold.  
 
Gold colloids encapsulated by a polymer coating were prepared as follows. HAuCl4 
dissolved in aqueous solution was first mixed with PDDA and then reduced by freshly 
prepared sodium borohydride solution. The average size of the PDDA-coated Au 
colloids in the dispersion was 4.8 nm (Liu et al., 1998). 
 
2.7.1.2 Naked AuNP Preparation: Single-Phase Approach 
In this approach, AuNPs are synthesized without involvement of any stabilizing 
agent, and the gold precursor is directly reduced to yield nanoparticles.  Particle size 
can be tuned by adjusting the relative amounts of reducing agent and the gold 
precursor.  
 
Using a one-phase method, Grabar et al. (1995) obtained AuNPs with diameters of 
13±1.7 nm and 18±4.6 nm. Apart from that, a wide range of AuNP sizes from 2 - 3 
nm to 22 nm are achieved by Todd et al. (2002).  
 
2.7.2 Preparation of Polymer/AuNP Composite Films 
2.7.2.1 LBL Method 
Colloidal Au nanoparticles, each encapsulated by PDDA, have been self-assembled 
into multilayer films in an LBL fashion. Organic interconnects (alternating cationic 
and anionic monolayers) were used to link adjacent metal nanoparticles covalently 
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and electrostatically and to form uniform tunnel junctions (Liu et al., 1998). Redox 
polymer/AuNP multilayer films were constructed on a glassy carbon electrode via the 
LBL method. The resultant composite film showed high electrocatalytic activity for 
the oxidation of ascorbic acid (Qian et al., 2005). 
  
Gold-nanoparticle/organic films have also been prepared via LBL self-assembly using 
dodecylamine-stabilized Au-nanoparticles and poly (propyleneimine) dendrimers of 
generation one to five or hexadecanedithiol as linker compounds. The layer-by-layer 
assembly process depends on ligand/linker exchange reactions (Joseph et al., 2004). 
 
2.7.2.2 In-Situ Method 
Another route to the composite buildup is in situ formation of AuNPs in polymer 
network using chemical or electrochemical methods.  For instance, electrochemical 
polyaniline (PANI)/Au synthesis is initiated by AuCl4¯ reduction into a previously 
electrochemically deposited PANI film, producing a nearly uniform dispersion of Au 
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                                                                        Chapter 3. Self-assembly of aminosilanes 
3.1 Introduction 
 
This chapter describes our efforts to improve the quality of self-assembled 
aminosilane molecular layers, in terms of their reactive-amine content and surface 
morphology, by appropriate choice of experimental parameters. These molecular 
layers were prepared via self-assembly of aminosilanes from solution onto surfaces of 
silicon dioxide. Two aminosilanes, 3-aminopropyltrimethoxysilane (APS) and p-
aminophenyltrimethoxysilane (APhS), whose molecular structures are shown below, 
were compared regarding their adsorption behaviors and qualities of the resultant 
assemblies. Also examined in this chapter is how the quality of the aminosilane 
assemblies influences their capacity for immobilization of guest species. Pyromellitic 
dianhydride (PMDA), a monomer frequently used in polyimide synthesis, was chosen 
to evaluate the immobilization capacity. Successful immobilization of PMDA on the 
aminosilane layer could facilitate construction of ultrathin films of oligoimide or 
polyimide through layer-by-layer assembly.  It also plays an important role in 
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3.2 Experimental Section 
 
3.2.1 Materials 
APS (97 %) and APhS (90 %, containing other isomers) were purchased from Aldrich 
and Gelest, respectively. They were stored in desiccators under vacuum and used 
without further purifications. PMDA (97 %) was obtained from Aldrich. Toluene  
(≥ 99%, Merck) was distilled over sodium before use. Methanol (≥ 99.5 %, Merck) 
was stored over 4-Å molecular sieves, which were activated by heating under vacuum. 
N, N-dimethylacetamide (DMAc) (≥ 99 %, Merck) was purified by distillation. 
Silicon (100) wafers (Wellbond Manufacturing Services Pte Ltd., Singapore) were 0.6 
mm thick, p-doped, polished on one side and had a natural oxide layer.  
 
 
3.2.2 Substrate Preparation 
Silicon wafers were cut into 2 cm × 1 cm pieces, cleaned with acetone, treated with 
“piranha solution” (a mixture of concentrated sulfuric acid and 30 % hydrogen 
peroxide in volume ratio of 7:3) in an ultrasonic bath at 60 °C for 30 minutes. 
Caution: “piranha solution” reacts violently with many organic materials and should 
be handled with extreme care. They were then rinsed copiously with deionized water 
and blown dry with compressed nitrogen. The wafers treated in this way are rich in 
hydroxyl groups at the oxide surface and thus suitable for the silanization process.  
 
3.2.3 Self-assembly of Aminosilanes 
Cleaned wafers were rinsed with methanol, a mixture of methanol and toluene (1:1 in 
volume) and pure toluene, respectively, in that order.                       
They were then immediately immersed in a toluene solution of APS or APhS of 
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different concentrations at room temperature for durations ranging from several 
minutes to several hours. When immersions were completed, the wafers were 
removed from the solution, rinsed rigorously with toluene, immersed in it for 30 min, 
sonicated in toluene for 10 min and subsequently rinsed with a 1:1 mixture of 
toluene/methanol and with methanol several times. Finally, the wafers were blown 
dry with compressed nitrogen.  The samples were stored in a desiccator under vacuum 
if not used immediately. 
 
3.2.4 Immobilization of PMDA 
The above-treated wafers were immersed in a 0.5 % (w/v) solution of PMDA in 
DMAc at room temperature for 30 minutes, then rinsed rigorously with DMAc, with a 
mixture of DMAc/methanol (1:1 in volume) and with pure methanol, in succession, 
and blown dry with compressed nitrogen. 
 
3.2.5 Characterization 
X-Ray Photoelectron Spectroscopy (XPS) 
The surface chemical states of all the aminosilane assemblies and of bare silicon 
wafer were studied by XPS. Small pieces of samples were fixed onto the sample stud 
using double-sided tape. Measurements were made on a Kratos Analytical AXIS HSi 
spectrometer with a monochromatized AlKα X-ray source (1486.6 eV photons) at a 
constant dwell time of 100 ms and a pass-energy of 40 eV. The core-level signals 
were obtained at a photoelectron takeoff angle of 90° (with respect to the sample 
surface).  All binding energies (BE’s) were referenced to the C1s hydrocarbon peak at 
284.6 eV. In curve fitting, the full width at half-maximum (FWHM) for the Gaussian 
peaks was maintained constant for all components in a particular spectrum.   
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Atomic Force Microscopy (AFM)  
Surface morphologies of all the aminosilane assemblies were investigated using a 
Nanoscope III atomic force microscope (AFM). All images were collected in air using 
the tapping mode and a monolithic silicon tip. The drive frequency was 330 ± 50 kHz, 
and the voltage was between 3.0 V and 4.0 V. The drive amplitude was about 300 mV 
and the scan rate was 0.5 - 1.0 Hz.  
 
Fourier Transform Infrared (FTIR) Spectroscopy 
An FTIR spectrum of the aminosilane assembly was obtained on a Bio-Rad FTIR 
model-400 spectrophotometer with a deuterated triglycine sulphate (DTGS) detector 
by accumulating 512 scans at a resolution of 4 cm-1. A transmission-mode 
configuration was employed with a bare silicon wafer used as the background. The 
sample compartment was purged with nitrogen.  
 
 
3.3 Results and Discussion 
 
3.3.1 Chemisorption of APS 
When assembled from 5mM solutions in toluene onto silicon dioxide surfaces for 5 h, 
the aminopropyl groups gave rise to a new N1s peak and the more intense C1s peak in 
XPS wide scan spectra (Figure 3.1 A), compared with that of the bare wafer (Figure 
3.1B). The assembly process starts with hydrolysis of the APS methoxy groups, as 
indicated by the absence of H3C-O- peak component at 286.2 eV in the C1s spectrum 
(Figure 3.2 B). The hydrolysis products, silanols (Si-OH), subsequently condense 
with the substrate hydroxyl moieties to produce siloxanes (Si-O-Si) (Gauthier et al, 
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Figure 3.1 XPS wide scans for (A) a layer assembled from a toluene solution of APS 































Figure 3.2 XPS core level C1s spectra for (A) a layer assembled from a toluene 
solution of APS (5 mM) onto silicon dioxide surface after a 5-h adsorption, and (B) a 
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1996). In Figure 3.2, the –COO– species possibly came from contaminations which 
survived the treatment with “piranha” solution. While the above processes proceed, 
amino ends of the adsorbates will orient themselves outwards and thus offer 
availabilities for guest species to interact with them. The existence of such free 
amines corresponds to the peak component at 398.7 eV in the XPS core-level N1s 
spectrum shown in Figure 3.3. However, some amino groups may undergo hydrogen 
bonding with each other or with the substrate hydroxyl groups, as revealed by the 
presence of a shoulder at 400.7 eV in Figure 3.3. Amines are also likely to be 
protonated during adsorption to form ammomium ion, though such protonation was 
not detected by XPS (no appreciable peak component for ammonium nitrogen was 
observed in Figure 3.3). 
 
The FTIR spectrum of the assembly derived from APS is shown in Figure 3.4, where 
the absorption band at 3254 cm-1 confirms the presence of free amines and the bands 
at 2930 cm-1 and 2861 cm-1 are attributable to the methylene group in the propyl chain. 
It is interesting to note that there exist no bands for methoxy groups at 1152 cm-1 and 
1052 cm-1 (Rosa et al., 2003) in the FTIR spectrum; this absence argues, as did the 
XPS analysis, that the methoxy groups were hydrolyzed completely during the 
process of APS assembly. The band at 1107 cm-1 is assigned to the siloxane produced 
by condensation between APS and the substrate hydroxyls (Gauthier et al., 1996). 
 
3.3.2 Experimental Parameters Influencing Assembly of APS 
Chemisorption Time 
APS was assembled from a 5-mM solution in toluene at room temperature for 
different time periods, resulting in different contents of surface primary amine in the  
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Figure 3.3 XPS core level N1s spectrum for a layer chemisorbed from a toluene 

































Figure 3.4 FTIR spectrum of a layer assembled from a toluene solution of APS (5 








































Adsorption time (h)  
 
Figure 3.5 Relationship between surface primary-amine content and immersion times 
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molecular layer obtained, as shown in Figure 3.5. The primary amine content was 
established as the percentage of –NH2 peak component in the XPS N1s spectra. The 
immersion time of 5 hours gave the highest primary-amine content measured. We 
infer that the molecular assembly of APS is a dynamic process in which the amino 
groups and the silanol groups (after APS hydrolysis) compete with each other to 
interact with the substrate hydroxyl groups (silanols). At the early stage of adsorption, 
a significant amount of amino groups of APS molecules undergo hydrogen bonding 
with the substrate, thus resulting in a low content of primary amines. With the 
adsorption going on, some APS molecules might be able to break away from the as-
formed hydrogen bonds and condense with the substrate hydroxyls using the silanols 
(after hydrolysis) to form siloxanes (Si-O-Si), since the latter has a covalent-bonded 
structure and is therefore more stable than the former. This reorientation of adsorbates, 
which renders the hydrogen-bonded amino groups free again, results in the increase of 
the primary amine content. However, if the adsorption lasts excessively long (more 
than 5 h), multilayers will form significantly (Jay et al., 2002), leading to a larger 
degree of hydrogen bonding and thus a decrease in the primary amine content. So the 
kinetics of the APS adsorption suggests that an adsorption time of 5 h is optimal for a 
full coverage and the highest primary amine content.  
 
Post-adsorption Thermal Curing 
In an effort to study the effect of thermal curing on layers derived from APS, three 
samples were prepared under different adsorption conditions and thermal curing was 
carried out at different temperatures for 10 minutes under vacuum (~ 20 bar).  The 
chemical states of the assembled layers before and after curing were examined using 
XPS, as shown in Figure 3.6. Curing at 100 °C and 150 °C both resulted in an  
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Figure 3.6 XPS N1s spectra showing the effect of post-adsorption thermal curing on 
the free-amine contents of the layers adsorbed from APS solutions in toluene onto 
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increase of about 12 percent in the primary amine contents. This increase may result 
from thermally induced break-up of the hydrogen bonds between amino groups and 
between amine and substrate hydroxyls. From the N1s spectra shown in Figure 3.6, it 
can be seen that the shoulder, which is attributed to hydrogen bonded amines, 
dwindled after thermal curing. This change indicates that the increase of primary 
amine content was due to conversion of hydrogen-bonded amines to primary amines. 
In other words, thermal treatment may liberate amine functionalities from hydrogen 
bonded state and render them reactive. Another possibility is that the thermal 
treatment could lead to condensation of silanols to form siloxanes such that the 
silanols would not hydrogen-bond to the amines (Angst and Simmons, 1991). 
However, the curing temperature should not be excessive, as otherwise significant 
amounts of amine will be consumed by reacting with carbon dioxide (CO2) in the 
ambient, albeit reduced, pressure to form carbamate (Davies and Keel, 2000) as seen 
in Figure 3.6C, where a temperature of 250 °C resulted in a sharp decrease in the 
primary amine content. Meanwhile, decomposition of the layer possibly occurred at 
250 °C, since the intensity and the signal/noise ratio of the N1s spectrum were 
decreased, as compared with those before curing was done. 
 
APS Concentration  
The effect of APS concentration was studied by comparing adsorptions at 
concentrations of 3 mM, 5 mM and 10 mM. All adsorptions lasted for 5 h at room 
temperature. Figure 3.7 shows the AFM images of the surface topographies of the 
assemblies obtained. The root-mean-square roughness values for the layers assembled 
from 3 mM, 5 mM and 10 mM solutions were 0.57 nm, 0.97 nm and 1.98 nm, 
respectively, indicating that a lower APS concentration is more favorable for the  
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Figure 3.7 Surface topographies of assemblies adsorbed from (A) 3-mM, (B) 5-mM 
and (C) 10-mM toluene solutions of APS onto silicon dioxide surfaces. 
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formation of uniform surface morphologies.  This result may originate from the fact 
that at low concentrations, APS will be assembled mainly in the form of monomers 
dimers or small aggregates; however, if the concentration is high, APS molecules will 
polymerize to form large aggregates before reaching the substrate and thus the film 
obtained might become less ordered.  Similar to the observations here, a smaller 
concentration was also found advantageous for more uniform morphology by Hu et 
al. (2001) in their study of mercaptosilane molecular films. 
 
In addition, APS concentration also influences the surface primary amine content of 
the assembly. XPS analyses suggest that lower APS concentrations gave rise to higher 
primary amine contents, as shown in Figure 3.8. This result is not surprising, since at 
lower concentrations, the amino groups will be less likely to undergo significant 
interactions with each other or with the silanols (Si-OH) produced from hydrolysis of 
methoxyl groups; on the contrary, high concentrations may result in large aggregates 
of APS and it is inevitable that many primary amines be lost due to hydrogen bonding 
within the aggregates.   
 
Water Content in the APS Solution 
For comparison, APS was adsorbed from 3-mM solutions at room temperature for 5 h, 
with water contents of 0, 0.1 % and 1 % (by vol.), respectively, added. The null water 
content was obtained by using anhydrous magnesium sulphate in the process of 
adsorption and the other two by adding required amounts of water in the dry solvent 
(toluene) before APS was added. By visual judgment, 0.1 % and 1 % waters were 
miscible with the solvent; it is possible, however, that some water was not dissolved 
in toluene and remained as a separate ultrathin layer below it (water density is larger). 
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Figure 3.8 Effect of APS concentration in the adsorbate solution on primary-amine 
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After APS adsorption, the samples were cured at 100 °C under vacuum for 10 
minutes. XPS N1s spectra of the assemblies obtained are shown in Figure 3.9.  A 
water content of 0.1 % resulted in the highest percentage (88.6 %) of primary amine, 
and that of 1 % rendered this percentage rather low (33.9 %). Surface topographic 
images are compared in Figure 3.10, which shows that the addition of 0.1 % water 
produced the smallest surface roughness, while that of 1 % water resulted in the 
roughest surface. These results, summarized in Table 3.1, suggest that an optimum 
amount of water in the solvent is necessary to achieve a high content of primary 
amine and a uniform morphology in the APS assembly. In the complete absence of 
water, methoxyl groups can not be hydrolyzed and their condensation with substrate 
silanols has to be catalyzed by the amino moieties (White and Tripp, 2000); this will 
make the assembly more disordered and the content of primary amines lowered. 
When the water content is high, APS molecules may polymerize rapidly and deposit 
on the substrate surface in the form of large aggregates as shown in Figure 3.10 C. 
Our finding here is consistent with that of McGovern et al. (1994): a water 
concentration of 1.5 ppm in the solvent was optimum for forming closely packed 
octadecyltrichlorosilane monolayers. 
 
Table 3.1 Comparison of the films formed by adsorption of APS from toluene 








0                                          67.5                                   6.0
0.1                                       88.6                                   0.7
1                                          33.9                                  10.8
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Figure 3.9 XPS N1s spectra for the layers adsorbed from toluene solutions of APS 
with (A) 1 %, (B) 0.1 % and (C) no water onto silicon dioxide surfaces. The water 























Figure 3.10 Surface topographies of layers adsorbed from toluene solutions of APS 
containing (A) no, (B) 0.1 % and (C) 1 % water onto silicon dioxide surfaces.  The 
percentages are based on volume.  
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3.3.3 Comparison between APS and APhS  
In order to compare self-assembly of APhS and APS, several APhS adsorptions were 
performed under the same conditions as those for APS.  The wide scan XPS spectrum 
of APhS is similar to that of APS shown in Figures 3.1; the FTIR spectrum exhibits 
absorption band for the phenyl ring at ca. 3000 cm-1, besides those for amine and 
siloxane.   
 
APhS adsorption produced nearly 100 % surface primary amine under all the 
conditions tested (Figure 3.11), while the highest primary-amine content obtained 
with APS was 88.6 %. This difference may be due to the high rigidity of APhS 
molecules and thus reduced freedom of the terminal amines, which considerably 
limits their opportunities for hydrogen bonding with other species. The main 
difference between the adsorption of the two aminosilanes is schematically shown in 
Scheme 3.1. For APS adsorption (Scheme 3.1A), the amine “1” stands for primary 
amines; amine “2” is hydrogen-bonded to substrate silanols; amine “3” is hydrogen-
bonded to a non-neighboring aminopropyl chain, and amine “4” is hydrogen-bonded 
to a neighboring chain. All the above hydrogen-bonding events are due to the high 
flexibility of the n-propyl chains from APS.  In contrast, APhS molecules are much 
more rigid than APS, and the three types of hydrogen-bonding shown in Scheme 3.1A 
are much less likely to occur when APhS is chemisorbed (Scheme 3.1B). As such, the 
assembly derived from APhS had a higher primary-amine content and a more uniform 
surface morphology than that from APS, and nearly all the amino functionalities are 
accessible for covalent bonding to guest species.  
 
Morphologies of the films derived from APS and APhS are compared in Figure 3.12. 
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Figure 3.11 XPS N1s spectra for molecular layers by chemisorption of (A) APhS and 
(B) APS onto silicon dioxide surfaces, both from a 3-mM solution containing 0.1 % 














Scheme 3.1 Proposed conformations of assemblies from solution of (A) APS and (B) 

























1: primary amine; 
2: amine hydrogen bonded to substrate silanol; 
3: amines hydrogen bonded between non-neighboring aminopropyl chains; 



































Figure 3.12 Typical surface topographies of assemblies derived from (A) APS and (B) 
APhS on silicon dioxide surfaces. Both assemblies were made from 3-mM solution at 
room temperature for 5 h. Both the two images have an X scale of 100 nm and a Z 
scale of 5 nm. 
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While both surfaces exhibit a multitude of domains, the average size of the APS 
domains is larger than that of APhS, and the size distribution of the APhS domains is 
more uniform than that of APS. The root-mean-square roughnesses of APS and APhS 
assemblies are 0.57 nm and 0.17 nm, respectively. These differences suggest that APS 
was adsorbed in larger aggregates than was APhS, perhaps due to the molecular 
flexibility of the former: flexible molecules may have more opportunities to get 
entangled with each other than rigid ones.  
 
3.3.4 Immobilization Capacities of the Amine-Terminated Substrates 
Pyromellitic dianhydride (PMDA) was used to evaluate the immobilization capacities 
of the different amino-terminated substrates. PMDA can be immobilized on these 
substrates through the formation of amic acids as shown in Scheme 3.2. This process 
could be influenced by the content, orientation and density of primary amines on the 
substrate surface. Shown in Figure 3.13 is an XPS study of the influence of primary-
amine content on PMDA immobilization. The core-level N1s spectra in columns A, B 
and C are from APS-treated substrates with different primary-amine contents (top 
spectra) and PMDA immobilization on them (bottom spectra); the spectra in column 
D are from APhS-terminated substrate (top spectrum) and PMDA immobilization on 
it (bottom spectrum). The figure shows that a larger primary-amine (peak component 
1) content resulted in a better immobilization capacity for PMDA, as indicated by 
formation of a larger amide peak component.  In particular, the APhS substrate, which 
carries close to 100% primary amine, achieved a complete amidization. 
 
Figure 3.13 also shows that there were always a certain number of amines remaining 
unconsumed (peak component 1, bottom spectra) after PMDA immobilization on  
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Figure 3.13 XPS core-level N1s spectra for amine-terminated substrates (top) and 
PMDA immobilized on those substrates (bottom). Spectra A, B and C are of APS-
treated substrates (with different primary-amine contents) and D is of one treated with 
APhS. Peak components 1, 2 and 3 represent primary amine, hydrogen-bonded amine 
and amide after PMDA immobilization, respectively; peak 4 stands for ammonium 
ion or salt of amic acid with amine (not seen in some spectra, probably due to 
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APS-treated substrates, suggesting that not all amines are accessible or reactive to 
PMDA molecules. In contrast, for APhS-treated substrate, the amines reacted almost 
completely in the amidation reaction during PMDA immobilization, as revealed by 
the absence of amine component in the XPS spectrum after the reaction. We attribute 
this difference to the rigidity of APhS molecules resulting from the presence of 
phenyl rings, rendering nearly all the terminal amino groups available for reaction. In 
contrast, the aminopropyl groups of APS molecules are more flexible and the terminal 
amines have more freedom to tilt or bend, thus allowing hydrogen-bonding to 
underlying silanols, which could prevent attachment of PMDA.    
 
 
The relationship between immobilization capacity or unconsumed amine percentage 
with the substrate primary-amine content is shown in Figure 3.14. As expected, it 
reveals that smaller primary-amine content resulted in larger percentage of 
unconsumed amines after reaction with PMDA. Therefore, we conclude that primary-







This chapter described the effects of experimental factors such as adsorption time, 
post-adsorption curing, silane concentration, and water content on the quality of the 
aminosilane molecular layers self-assembled from solution onto silicon dioxide 
surfaces. The primary-amine content could reach as high as 88.6 % using APS, by 
optimization of adsorption conditions. When APhS was used, this content increased to 
near 100 %, and the film obtained was uniform in topography. The relationship 
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Figure 3.14 PMDA immobilization capacity (percentage of the amide formed) and 
unconsumed amine percentage versus substrate primary-amine contents. The near-100 
% percentage on X-axis is from APhS-treated substrate, while the other three 
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between the substrate primary-amine content and its capacity for immobilization was 
also studied, and as expected, higher primary-amine content led to higher uptake of 
PMDA. The experimental results obtained suggest that the primary-amine content 
could be used as a measure of the reactivity of the amino-terminated substrate: higher 

























ULTRATHIN FILMS OF OLIGOIMIDE THROUGH 















                                                                                Chapter 4. Oligoimide ultrathin film 
4.1 Introduction 
 
This chapter deals with the fabrication and characterization of ultrathin oligoimide 
films through molecular assembly of pyromellitic dianhydride (PMDA) and 
diaminodiphenylether (DDE) from solution onto amino-terminated substrates, which 
are obtained through surface modification of silicon wafers or quartz slides by p-
aminophenyltrimethoxysilane (APhS).  The oligoimide films are expected to be 
thermally and mechanically robust due to the fact that they contain only aromatic 
moieties and no aliphatic chains, and in addition, the substrate moiety derived from 
APhS possesses a high thermal stability up to 550 °C, comparable to that of polyimide. 
Strong adhesion between the film and substrate should also exist. This method might 
be a promising alternative for the preparation of high performance films with imide 
linkages, and well-controlled thickness and morphology.  
 
 
4.2 Experimental Section 
 
4.2.1 Materials 
4, 4’-Diaminodiphenylether (DDE, ≥ 99.0%) was purchased from Fluka and used as 
received. p-Aminophenyltrimethoxysilane (APhS), pyromellitic dianhydride 
(PMDA), N, N-dimethylacetamide (DMAc), toluene, methanol and silicon wafers are 
all the same as those used in Chapter 3 (See the experimental section).   Quartz slides 
were purchased from Achema Co., Singapore. The molecular structures of APhS and 
PMDA are shown in Chapter 3; that for DDE is shown below.  
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4.2.2 Substrate Preparation 
Silicon wafers and quartz slides were treated with a 7/3 (v/v) mixture of concentrated 
sulfuric acid and 30 % hydrogen peroxide (Caution: this “piranha” solution reacts 
violently with many organic materials and should be handled with extreme care), 
rinsed with deionized water, methanol, a methanol/toluene mixture (1:1 in volume) 
and toluene, respectively; they were then immersed in a 3-mM APhS solution in 
toluene at room temperature for 2 h. Next, they were removed from the APhS solution, 
rinsed copiously with toluene, sonicated in toluene for 10 min, rinsed again with 
toluene, methanol, and blown dry with compressed nitrogen.   
 
4.2.3 PMDA/DDE Alternate Assembly 
The above-prepared substrates were immersed sequentially in 0.5 % (w/v) PMDA and 
1 % (w/v) DDE solutions, both in DMAc. Each immersion lasted for 30 min and the 
wafers were subsequently rinsed copiously with DMAc. When the last deposition was 
completed, the film-laden wafers were rinsed vigorously with methanol and blown 
dry with compressed nitrogen.  
 
4.2.4 Imidization 
The samples were thermally cured at around 200 °C under vacuum (20 bar) for 30min. 
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4.2.5 Characterization 
X-Ray Photoelectron Spectroscopy (XPS) 
See the Experimental Section of Chapter 3 for details. 
 
Atomic Force Spectroscopy (AFM) 
The surface morphology was investigated using a Nanoscope III atomic force 
microscope. All images were collected in air using tapping mode under a constant 
force and at scan rate of 1 Hz.  
 
UV-visible Spectroscopy 
UV-visible absorption spectra were recorded on a Shimadzu UV-3101 PC scanning 
spectrophotometer. A well-cleaned bare quartz slide was used as the background for 
all scans.  
 
 
4.3 Results and Discussion 
 
The film-assembly process is shown in Scheme 4.1. First, an amine-terminated 
substrate was prepared by modifying the surface of a silicon wafer or a quartz slide 
with p-aminophenyltrimethoxysilane (APhS). When this substrate was immersed in a 
PMDA solution, PMDA molecules could be adsorbed with one anhydride reacting 
with surface amines to form amic acids and leave the other anhydride available for 
further reactions; they could also react with the substrate amines at both anhydride 
terminals to form amic acid. Excess and physically adsorbed PMDA molecules could 
be desorbed and removed from the sample surface by a vigorous rinse with DMAc.  
 80






Scheme 4.1 The process for oligoimide ultrathin film fabrication. The reactions in 
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The above-obtained sample was then treated with DDE; the latter was chemisorbed 
through the formation of amic acid with the surface anhydride, and through 
protonation by the carboxylic acids derived in PMDA chemisoption. We believe that 
the former reaction was more facile and more significant. There are two reasons for 
this belief: firstly, anhydride groups are so reactive that they can be readily attacked 
by amines to form amic acids (this is the well-established reaction for polyimide 
syntheses. See Section 2.3.1 for references); meanwhile, amic acids are weak and 
their ability to proton amines in organic solvent will be low in a short (30 min) 
reaction time. The XPS results (to be shown in next section) did consolidate our 
presumption here. One important issue with the formation of amic acids is whether 
zwitterions (intra-chain proton transfer) can arise. Since it does not occur significantly 
in bulk polyimide syntheses, such a reaction will not be significant either in surface 
reaction; again the reason lies in the weakness of amic acid and the short duration of 
reaction in organic solvent (DMAc). After a few more steps of PMDA and DDE 
adsorption, an ultrathin layer of oligo (amic acid) was formed; upon a thermal 
treatment, it was converted to an oligoimide film.  
  
4.3.1 XPS Study 
XPS was used to study the assembly surface after each adsorption. The N1s and C1s 
core level spectra for each step are shown in Figure 4.1. 
 
Preparation of Amino-Terminated Substrates Using APhS 
This step has been discussed in Chapter 3. Briefly, the N1s spectrum for the APhS-
derived substrate consists of a single peak at about 398.6 eV (Figure 4.1A), indicating 
a near 100 % primary-amine content.  
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Figure 4.1 N1s (A, B, C, D and E) and C1s (A’, B’, C’, D’ and E’) core-level XPS 
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Chemisorption of PMDA 
Upon reaction of PMDA on the amino-terminated substrate, the N1s spectrum still 
showed a single peak (Figure 4.1 B), but the binding energy value shifted to 399.6 eV, 
attributable to an amide group. The complete absence of free amine component in the 
N1s spectrum suggests that nearly all the surface amines had reacted with PMDA to 
produce amides. It is inferred that in the process of chemisorption, most PMDA 
molecules tilt slightly relative to the substrate normal, since otherwise (tilt too much 
and nearly parallel to the substrate) some substrate amines would be blocked and 
hardly accessible for further reactions, rendering it less likely to achieve an almost 
complete conversion of amines. This analysis agrees well with the findings of 
Golzhauser et al. (1995), who reported that PMDA units are oriented with an average 
angle of 35° between the phenyl ring plane and the substrate normal when attached to 
underlying amino-terminated substrate. It is possible that a small number of PMDA 
molecules bridge two neighboring amine groups on the substrate and form amic acid 
moieties.  Successful interfacial reaction between amines and PMDA is further 
confirmed by presence of the C1s peak components at 287.5 eV (–CO–NH–) and 
288.6 eV (–COOH and –CO–O–CO–), as shown in Figure 4.1 B’. The ratio [–COOH 
and –CO–O–CO–] / [–CO–NH–] (based on peak area), is 2.51:1, comparable with the 
theoretical ratio of 3:1 based on the expected molecular structure of the assembly.  
 
Chemisorption of DDE 
In this step, most molecules of DDE reacted at one end with PMDA, forming amic 
acid, and the other end remained available after the chemisorption. As can be seen 
from Figure 4.1 C, the N1s spectrum is curve-fitted into two components at 398.5 eV 
and 399.6 eV, attributed to primary amine (–NH2) and amide (–NH–CO–), 
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respectively. There is no appreciable peak component assignable to the ammonium (–
NH3+) ion, indicating that DDE coupling via protonation of amines is insignificant. It 
also indicates the formation of zwitterions (proton transfer from carboxylic acid to 
amine in the amic acid moieties) is minor, considering the short reaction time in 
solution and the weakness of the amic acid.  The ratio [–NH2] / [–NH–CO–] based on 
their XPS peak areas is 1.56:1, higher than the theoretical value of 1:1 (considering 
the top layer only), perhaps due to the fact that amine groups are on the surface of 
film and more accessible to XPS detection.  The C1s spectrum (Figure 4.1 C’) 
contains peak components for amide (–CO–NH–) at 287.5 eV and carboxylic acid (–
COOH) at 288.5 eV, and the ratio [–CO–NH–]/[–COOH] is 0.82:1, which is close to 
the theoretical ratio of 1:1. 
 
Second chemisorption of PMDA 
When a second layer of PMDA was added, the XPS N1s spectrum reverted to a single 
peak at 399.6 eV, which is associated with amide (–NH–CO–) as shown in Figure 
4.1D. Similar to their adsorption on the APhS-treated substrate, PMDA molecules 
were coupled with the underlying DDE layer with a near complete conversion and all 
the underlying reactive sites were consumed during the chemisorption process. The 
C1s spectrum (Figure 4.1 D’) shows a more prominent component of amide compared 
with that of the previous step (Figure 4.1 C’), consistent with PMDA being the 
topmost layer.  The components for –CO–NH– and –COOH in Figure 4.1 D’ have a 
ratio of 1.1:1 (based on peak area), which is quite close to the expected value of 1:1.  
 
Thermal Imidization 
Imidization was confirmed by the presence of the N1s peak at 400.3 eV (Figure 4.1 E) 
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and the sharply dwindled C1s peak component at 287.5 eV (Figure 4.1 E’) associated 
with amide moieties. The peak-area ratio between imide carbon (–COO–N–COO–) 
and the carbon on DDE phenyl rings linked to imide (–C–N–) is 0.92:1 (Figure 4.1 
E’); this ratio is lower than the theoretical value of 2:1 and the discrepancy may be 
related to the incompleteness of imidization.  
 
4.3.2 UV Absorption Study 
Figure 4.2A presents the UV absorption spectra for a growing film after the various 
reaction steps. Because PMDA, DDE and APhS molecules all contain benzene rings, 
which are responsible for the UV absorption due to π-π∗ transitions, the film exhibited 
roughly the same λmax at around 240 nm for each adsorption. There was another 
absorption λmax at around 204 nm for the APhS-derived layer; as further adsorptions 
were made, slight red shifts occurred relative to this λmax, resulting in bands at 208 nm, 
210 nm, and 212 nm for PMDA, DDE and a second PMDA layers, respectively; these 
red shifts are possibly due to the couplings between different layers.  The absorbances 
at ca. 240 nm for various adsorption steps were plotted in Figure 4.2B, and it can be 
seen that the film growth is nearly uniform. When imidization was carried out, a slight 
red shift occurred in the λmax from ~ 209 nm to ~ 218 nm.  
 
4.3.3. Surface Topography Study 
The change in topography of the assembly surface after each adsorption was studied 
by atomic force microscopy (AFM). As shown in Figure 4.3, the different 
chemisorption steps resulted in different surface features. Composed of small regular 
domains, the film is fairly uniform in topography after each adsorption. This may 
indicate that both PMDA and DDE molecules are assembled in a regular manner.   
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Figure 4.2 (A) UV-vis absorptions for different adsorption steps in the oligoimide 
thin film fabrication process (1, 2, 3, 4 represent spectra obtained after the surface 
reaction of APhS, PMDA, DDE, 2nd PMDA, respectively; 5 represents the spectrum 




























Figure 4.2 (B) UV Absorbance at ca. 240 nm after various adsorptions. The sequence 























































(To be continued next page) 
 
Figure 4.3 Tapping mode AFM images for the surface topographies of a bare Si 
wafer (A), and the film at different adsorption steps: (B) APhS, (C) PMDA, (D) DDE 
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The root mean square surface roughness (Rrms) of the assembly after each step is 
compared in Figure 4.4. The Rrms values for the bare silicon surface, APhS layer, the 
first PMDA layer, DDE layer and the second PMDA layer are 0.08 nm, 0.21 nm, 0.55 
nm, 0.25 nm and 0.41 nm, respectively. These values did not vary by more than ± 0.1 
nm when random locations on a certain surface were checked. Apparently, the two 
amino-terminated surfaces (APhS and DDE) showed small values of roughness close 
to each other, while the PMDA adsorptions resulted in larger roughnesses.  
 
Shown in Figure 4.5 are the surface height profiles along the lines drawn in the AFM 
images for each adsorption step. These profiles display the depths of cavities formed 
between neighboring domains constituting the film, from which uniformity of the 
surface morphologies can be evaluated. The vertical distance between the highest and 
lowest positions (on average), as marked by arrows in both the image and the height 





The technique of molecular assembly was employed to fabricate ultrathin films of 
oligoimide on silicon dioxide surfaces modified by p-aminophenyltrimethoxysilane. 
PMDA and DDE were sequentially chemisorbed through formation of amic acids, 
confirmed by XPS analysis. At each adsorption step, the interfacial chemical reaction 
proceeded to near completion and surface functionalities for assembly of the next 
layer were generated. The chemisorptions were uniform across the surface, resulting 
in uniform surface morphologies with root-mean-square roughness values of less than 
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Figure 4.4 A comparison of surface roughness values after different adsorption steps 
in the oligoimide ultrathin film fabrication. PMDA-1 refers to the first layer of PMDA 






















Figure 4.5 Surface section analyses for a bare silicon wafer (A) and the film at various 
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0.5 nm. Uniform film growth was also revealed by the increase of UV absorption 
intensity. This molecular assembly technique, along with intelligent substrate 
modification and material choice, promises to be an attractive method for fabrication 
of ultrathin films with nanometer thickness, desired function, and good robustness. 
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5.1 Introduction 
 
This chapter starts with the synthesis and characterization of a soluble polyimide with 
hydroxyl pendant groups, namely hydroxyl polyimide (HPI).  This polymer was 
employed to make ultrathin films through the technique of covalent layer-by-layer 
assembly. A diacid chloride was used as a cross-linker to establish ester groups 
between HPI layers. Such covalent interlayer linkages, along with the presence of the 
interlayer phenyl moieties, both contributed to the enhanced stability and robustness 
of the polyimide film obtained. To the best of our knowledge, this is the first attempt 
to fabricate ultrathin polyimide films using covalent LBL assembly with a preformed 
polymer as a constituent. 
 
Fourier transform infrared spectroscopy, X-ray photoelectron spectroscopy, UV-vis 
absorption spectroscopy, atomic force microscopy, ellipsometry and electrochemical 
impedance spectroscopy were employed to study the interfacial chemistry, stepwise 
growth, morphology, thickness, optical property and insulation behavior of the 
assembled film. Stabilities and mechanical robustness of the films against chemical 
attack, high temperatures and nanoindendation were also studied.  
 
 
5.2 Experimental Section 
 
5.2.1 Materials 
4, 4’-(Hexafluoroisopropylidene)diphthalic anhydride (6FDA) (99 %, Aldrich) was 
recrystallized from acetic anhydride (≥ 99.0 %, Fluka). Toluene (≥ 99 %), N-Methyl-
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2-pyrrolidone (NMP, ≥ 99.5 %) and tetrahydrofuran (THF, ≥ 99.0 %), all from Merck, 
were distilled before use. Silicon (100) wafers (Wellbond, Singapore) were 0.6 mm 
thick, p-doped, polished on one side and had a natural oxide layer. Quartz slides were 
purchased from Achema Co., Singapore. p-Aminophenyltrimethoxysilane (APhS), the 
same as that used in Chapter 3, was stored in a dessicator and used without further 
purification but with special care to minimize exposure to moisture. Terephthaloyl 
chloride (TC) (≥ 99 %, flakes, Aldrich), 3, 3’-dihydroxyl-4, 4’-diaminobiphenyl 
(HAP) (99 %, TCI, Japan), acetone (Fisher, HPLC grade), methanol (≥ 99.5 %, 
Merck), chloroform (Merck, HPLC grade), triethylamine (≥ 99.5 %, Fluka) and 
pyridine (≥ 99.8 %, Fluka) were all used as received. 
 
5.2.2 HPI Synthesis 
The soluble PI with hydroxyl pendant groups (HPI) was synthesized as follows: 
0.7172 g (3.3 mmol) of HAP and 20 mL of NMP were added to a three-necked 100-
mL round-bottom flask fitted with a magnetic stirrer, an inlet for nitrogen gas and a 
distillation setup. The mixture was stirred under nitrogen purge at room temperature. 
Upon complete dissolution of HAP, 1.4735 g (3.3 mmol) of 6FDA was added to the 
solution. After stirring for 12 h at room temperature, the solution was heated at 200 oC 
for 6 h.  Upon cooling to room temperature, the solution was added drop-wise to 
vigorously stirred methanol. After stirring for 2 hours, the precipitated polymer was 
filtered, refluxed in methanol, and dried at 100 °C under vacuum for 12 h.  
 
5.2.3 Film fabrication 
Step (1): Substrate Preparation 
Silicon wafers and quartz slides were cleaned with ethanol and DI water (with a 
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resistivity of 18.2 MΏ-cm), boiled in piranha solution (a 7:3 v/v mixture of 
concentrated sulphuric acid and 30 % hydrogen peroxide. Caution: this solution 
reacts violently with many organic materials and should be handled with extreme 
care) at ca. 100 °C for 0.5 h, rinsed with deionized water and methanol and blown dry 
with compressed nitrogen. They were subsequently soaked in a 5-mM toluene 
solution of p-aminophenyltrimethoxysilane at room temperature for 2.5 h, sonicated 
in toluene for 5 min, rinsed thoroughly with toluene and methanol and blown dry with 
compressed nitrogen. The substrates obtained in this way are surface functionalized 
with amine groups and suitable for covalent binding of guest species.  
 
Step (2): TC Reaction with the Amine-terminated Substrates 
The above-prepared substrates were immersed in a 5-mM toluene solution of 
terephthaloyl chloride with a few drops of triethylamine added. The immersion lasted 
for 2 h under nitrogen purge with the temperature ramped from 0 °C to 25 °C over the 
2-h period. Subsequently, the substrates were sonicated in toluene for 2 min, rinsed 
vigorously with toluene and acetone, and blown dry with nitrogen.  
 
Step (3): HPI Reaction TC Layer 
HPI was assembled from a 5-mM solution in freshly distilled THF, to which a few 
drops pyridine and triethylamine had been added. The reaction proceeded at 45 °C 
under nitrogen purge for 2 h. Afterwards, the film-carrying substrates were sonicated 
in THF for 2 min, rinsed with THF and acetone, and blown dry with nitrogen. 
 
Step (4): TC Reaction with HPI Layer 
The assemblies obtained from the previous step were immersed in a 5-mM THF 
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solution of TC containing a few drops of pyridine and triethylamine for 2 h under 
nitrogen purge at 45 °C. They were then sonicated in THF for 2 min, rinsed with THF 
and with acetone, and dried with compressed nitrogen. Steps 3 and 4 were repeated to 
give a 4-bilayer film.  
 
5.2.4 Characterization 
Fourier Transform Infrared Spectroscopy (FTIR) 
An FTIR spectrum for the synthesized HPI powder (in a KBr pellet) was obtained in 
air on a Bio-Rad FTIR model-400 spectrophotometer by accumulating 16 scans at a 
resolution of 4 cm-1.  The FTIR spectrum of the assembled HPI film on a silicon 
wafer was recorded by accumulating 64 scans at a resolution of 4 cm -1. A 
transmission-mode configuration was employed with a bare silicon wafer as the 
background. The sample compartment was purged with nitrogen.  
 
Nuclear Magnetic Resonance (NMR) Spectroscopy 
1H-NMR spectrum for HPI powder was obtained on a Bruker DPX300 FT NMR 
spectrometer with 5mm 1H -13C dual probe (deuterated acetone used as the solvent).     
 
UV-vis Absorption 
Uv-visible absorption spectra were recorded on a Shimadzu UV-3101 PC scanning 
spectrophotometer.  A bare quartz slide was used as the background. For HPI solution 
scans, pure THF was used instead as a background. 
 
X-Ray Photoelectron Spectroscopy (XPS) 
See Experimental Section of Chapter 3 for details. 
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Atomic Force Microscopy (AFM) 
See Experimental Section of Chapter 3 for details. 
 
Ellipsometry 
Ellipsometric measurements were conducted on a variable angle spectroscopic 
ellipsometer (M-2000U, Woollam) in air at room temperature.  Spectra were acquired 
over the range of 400 nm – 1000 nm at 10-nm intervals and at incidence angles of 65° 




The electrochemical impedance spectroscopic (EIS) measurements were performed in 
a 0.5-M sulfuric acid (H SO ) 2 4 with an Autolab potentiostat / galvanostat PGSTAT100 
and FRA modules, both interfaced to a personal computer. A conventional three-
electrode glass cell equipped with a platinum counter electrode and a Ag/AgCl 
reference electrode was used. The impedance measurements were made at open-
circuit potential between 10 mHz and 100 kHz. The amplitude of the input sine-wave 
voltage was 5 mV.  
 
Nanoindentation 
The nanoindentation tests were performed using a TriboScope Nanoindenter 
(Hysitron) with a Berkovich tip. A loading force of 30 μN was used, and the loading 
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5.3 Results and Discussion 
 
5.3.1 HPI Characterization 
6FDA and HAP were used as the monomers for the synthesis of HPI following 
Scheme 5.1. The synthesized HPI can be dissolved in common solvents such as NMP, 
N, N-dimethylacetamide (DMAc), THF, acetone, among others. The solubility may 
be due to two factors: (i) the presence of hexafluoro-isopropylidene [–C(CF3)2–] kink 
in 6FDA, which can decrease the rigidity of  the polymer backbone and the inter-
chain interactions; and (ii) the presence of hydroxyl groups giving rise to affinity 
between the polymer and polar solvents. These hydroxyl groups can also facilitate 
cross-linking of HPI with di-carboxylic acids or -acid chlorides.  
 
An FTIR spectrum for the synthesized HPI powder is shown in Figure 5.1. The broad 
band at 3415 cm-1 indicates the presence of hydroxyl groups and associated water if 
any. The characteristic bands attributable to imide are seen at around 1780 cm-1 
(symmetric stretch of imide C=O), 1727 cm-1 (asymmetric stretch of imide C=O), 
1380 cm-1 (C-N-C stretch of the imide ring). Absence of the amide carbonyl peaks at 
1650 cm-1 (C=O stretch) and 1550 cm-1 (C-N stretch) indicates a near complete 
imidization. (Huang and Wunder, 1994; Pryde, 1993; Karamancheva et al., 1999) 
 
The 1H NMR spectrum of HPI dissolved in acetone (Figure 5.2) shows a strong single 
peak at δ = 9.08 associated with phenolic hydroxyl protons (Akar et al., 1995). 
Hydrogen atoms in 6FDA and HAP moieties are observed at δ = 7.9 – 8.2 (Akar et al., 
1995) and δ = 7.2 – 7.5 (Krishnan et al., 2002), respectively. The NMR spectrum also 
indicates near complete imidization of HPI, since no peaks were found at δ = 5.74 (for  
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–NH) and δ >10 (for –COOH) (Sinz et al., 1999) from the unimidized amic acid.   
 
5.3.2 LBL Assembly Process 
Ultrathin HPI films were fabricated via a covalent LBL assembly process, as shown in 
Scheme 5.2. In step (1), substrates bearing amine groups were obtained by modifying 
silicon or quartz surfaces with p-aminophenyltrimethoxysilane (APhS). APhS is 
advantageous over other commonly used coupling agents such as 3-
aminopropyltrimethoxysilane because it can adsorb uniformly on oxide surfaces and 
give a high percentage of primary amines, according to our findings in Chapter 3. 
These features are beneficial for stable immobilization of species of interest. We 
further derivatized substrates thus obtained by treatment with terephthaloyl chloride 
(TC) in step (2). TC molecules may bind to the substrate amines using one acid 
chloride to form amide and leave the other acid chloride available for further 
reactions, and they can also bind using both acid chlorides. Although TC may react 
directly with the hydroxylated silicon dioxide surfaces to give a Si-O-CO-R linkage, 
treatment with APhS is necessary and important because its tridentate structure can be 
expected to bind more strongly to the substrate than does TC, giving rise to better film 
adhesion to the substrate. Meanwhile, the siloxane linkages built by APhS is likely 
more hydrolytically stable than Si-O-CO-R. Subsequently, HPI and TC were 
assembled alternately, shown as steps (3) and (4), respectively in the scheme; ester 
groups were formed between HPI layers. 
 
5.3.3 Spectroscopy 
An FTIR spectrum for a 4-layer assembled HPI film on a silicon wafer is shown in 
Figure 5.3A. The hydroxyl band at ca. 3400 cm-1 was markedly reduced compared  
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                                  Another possible reaction in step (2): 
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Figure 5.3  (B) A comparison between FTIR spectra of HPI assembled film (I) and 
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with that in the spectrum for HPI powder (Figure 5.1), and such a reduction is 
consistent with a considerable amount of hydroxyl groups having been consumed in 
covalent linking with TC molecules, though it may also be due to the difference in the 
amount of associated water. The FTIR spectrum of the HPI film shows characteristic 
bands at 1781 cm-1, 1730 cm-1 and 1373 cm-1, verifying the presence of imide 
functionality. In addition, a shoulder appears at ca. 1750 cm-1 (ester carbonyl stretch) 
in the film spectrum, while such a shoulder is not seen in the spectrum of HPI powder 
(a   comparison   between  the spectra  of the  film  and  the   powder   in  the  range  
of 1650 cm-1 – 1850 cm-1 is shown in Figure 5.3B). These observations demonstrate 
that ester bonds were formed between HPI layers in the assembled film.  
 
 
The interfacial reactions involved in the film fabrication process were studied by 
wide-scan XPS (Figure 5.4).  Spectra of the amine-terminated substrates did not show 
chlorine features between 192 eV and 208 eV (Spectrum A); after reaction with TC, 
the samples showed a clear peak at around 200 eV (Spectrum B) attributed to 
chlorine, verifying successful immobilization.  When HPI was subsequently added, 
the chlorine signal was sharply reduced if not lost completely (Spectrum C) due to the 
reaction of the acid chloride with hydroxyl groups from HPI.  Upon treatment of the 
formed HPI layer with TC, the chlorine signal appeared again (Spectrum D), though it 
is weak compared with that in spectrum B. This result indicates that many of the TC 
molecules have reacted at both acid chloride sites with the HPI hydroxyl groups (See 
step 4 in Scheme 5.1); this phenomenon, however, does not compromise the covalent 
tethering of HPI chains because only a few binding sites to the underlying surface are 
necessary to provide stable anchoring. The final films exhibited good stability and 
strength against sonication, polar solvents, elevated temperatures and nanoindentation  
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Figure 5.4 XPS wide scans monitoring the interfacial reaction involved in HPI film 
fabrication process. A: APhS-modified substrate; B: TC treatment; C: HPI layer; D: a 
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as shown in the last section of this chapter. This stability, together with the above-
mentioned FTIR results, implies that HPI layers were indeed covalently tethered to 
TC moieties, instead of being simply adsorbed through van der Waals force.  
 
UV-vis absorption spectra of the assembly obtained after each treatment with TC and 
HPI are shown in Figure 5.5 (A). The increase in the absorptions after addition of 
each TC or HPI layer (represented by dash and solid curves, respectively) 
demonstrates an LBL fashion in the growth of the assembly. Interestingly, significant 
differences were observed between the absorptions for TC and HPI after each 
adsorption cycle labeled as 1, 2, 3 and 4, due to the different substituents on the 
phenyl rings and the coupling between TC moieties and HPI chains. The nearly linear 
increase in the absorbances at 203 nm and 226 nm (attributed to π-π* transition of 
phenyl rings) as a function of the number of HPI layers, as shown in Figure 5.5 (B), 
reveals that the LBL film growth was uniform.  
 
A comparison between the UV absorptions of the HPI film and a solution of HPI in 
THF is made in Figure 5.6. The spectrum of HPI in THF shows absorption bands at 
273 nm and 296 nm and a shoulder at 248 nm. The blue shift in the spectrum of the 
assembled HPI films indicates that the molecules in the assembled film exist in an H-
aggregate (West et al., 1977) form as opposed to the randomly distributed molecules 
in solution. This type of shift in UV absorption relative to bulk phase is viewed as a 
typical phenomenon in molecular assembly, similar to that observed in polyimide LB 































Figure 5.5 (A) UV-vis absorption spectra monitoring the LBL assembly of TC/HPI 
on an APhS-terminated quartz slide. Digits between any pair of dashed/solid curves 






































Figure 5.5 (B) Dependence of the absorbance at 203 nm and 226 nm on the number 


































Figure 5.6 Comparison of UV spectra of an assembled HPI thin film (solid curve) 
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5.3.4 Morphology 
Presented in Figure 5.7 are the AFM images of the film surface topography after 
various treatment steps. A TC layer on an APhS substrate is fairly smooth and shows 
regular domains (image A). This possibly results from the uniformity of APhS-treated 
substrate, which was discussed in Chapter 3. Subsequent HPI deposition resulted in 
some aggregates of polymer chains (image B). When a second layer of TC was added, 
worm-like features were observed on the HPI aggregates (image C). These features 
are markedly different from polymer aggregates and could result from smaller clusters 
of TC molecules. They are also different from the topography in image A, probably 
due to the changes in the underlying HPI morphology, as well as the less populated 
and more random reactive sites provided by HPI than those by the APhS-treated 
substrate. When subjected to a new layer of HPI, the worm-like features disappeared 
(image D). A third layer of TC led to reappearance of the worm-like features (image E) 
quite similar to those obtained in the second layer TC. Image F shows a smooth 
topography obtained after the adsorption of the 4th HPI layer as typically observed for 
polymeric thin films (Calvo et al., 2004). Thus, a smearing of surface features appears 
to take place with the addition of every polymer layer.  
 
5.3.5 Thickness and Optical Properties 
The variation in the film thickness and optical properties as a function of the number 
of HPI layers added was obtained by ellipsometry. Measurements were carried out on 
films constructed on Si wafers by recording ellipsometric angles Ψ and Δ, which 
describe the polarization state of the light beam reflected from the sample surface and 
are related to the ratio of reflection coefficients for p- and s- polarized light.  As 
observed in Figure 5.8, samples with different numbers of HPI layers (labeled as 1, 2, 
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Figure 5.7 Tapping-mode AFM images of the LBL assembly at various steps: (A) 1st 
TC layer (on APhS-treated substrate); (B) 1st HPI layer; (C) 2nd TC layer (on HPI); 

































































Figure 5.8 Ellipsometric spectra of HPI films with different layers, recorded at 
incidence angle of 65°. Solid and dashed lines represent experimental and fitted data, 
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3 and 4) show different Ψ spectra (solid curves) versus wavelength, confirming that 
the samples tested do have different optical properties and thickness values.  
 
The dashed curves in Figure 5.8 were obtained by fitting the data on basis of a 3-layer 
optical model as shown in Figure 5.9-A, consisting of a 0.6 mm-thick silicon layer, a 
2.6 nm-thick silicon dioxide layer and a Cauchy layer whose thickness needs to be 
fitted.  The thickness of 2.6 nm for the silicon dioxide layer was measured in advance 
by ellipsometry using a 2-layer model (Si/SiO2). The fits between fitted and 
experimental data in Figure 5.8 are good for each sample, with a mean-squared error 
(MSE, a measure of the accurateness of the fit, given by the software) of less than 5. 
The fitted multilayer film thickness plotted against the number of layers is shown in 
Figure 5.9-B, which demonstrates an approximately linear growth of film thickness 
with the number of assembled HPI layers. The thickness of the 4-layer HPI film was 
13.2 nm. Taking the presence of interlayer cross-linking agent into consideration, 
each HPI layer contributed about 3 nm to the total thickness. The fitted refractive 
indices at 630 nm decreased with the number of layers (from 1.90 at the first layer to 
1.71 at the fourth, Figure 5.9-B) and this finding suggests that the HPI thin film 
becomes less compact with increasing number of added layers.  
 
5.3.6 Electrochemical Impedance Study 
To study the changes of impedance with the number of HPI layers, electrochemical 
impedance spectroscopy (EIS) was recorded in the complex plane (Figure 5.10), 
where Z’’ and Z’ represent the imaginary and real parts of the impedance, 
respectively. The impedance spectra were obtained for a bare gold electrode and gold 
electrodes modified with 2- and 4-layer HPI films in presence of 0.5-M sulfuric acid.
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Si layer: 0.6 mm 
Cauchy layer: to be fitted 





































y = -0.527 + 3.554x
 
 
Figure 5.9 (A) The model established for fitting the ellipsometric data. (B) 
Dependence of film thickness and refractive index at 630 nm on the number of 
































Figure 5.10 Electrochemical impedance spectra for a bare gold electrode and HPI 
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Preparation of HPI films on the gold electrode was the same as that on silicon or 
quartz slides, except that the surface modifier for gold was p-aminophenylthiol. All 
impedance spectra presented semicircles whose diameters correspond to the resistance 
to charge transport from the test solution to the gold surface (Figure 5.10). For the 
gold electrode carrying two HPI layers, the diameter of the semicircle corresponds to 
a film resistance of around 10 kΩ, which is much higher than that of bare gold (about 
5 kΩ ). For the electrode modified with a 4-layer HPI film, the diameter of the 
semicircle increased further to 16 kΩ, indicating a larger film resistance. These EIS 
results verify the insulating property of the HPI assembled film and demonstrate its 
correlation with film thickness.  
 
5.3.7 Stability and Mechanical Strength 
A 4-layer assembled film was exposed to the ambient environment for 2 months and 
then soaked in THF for 12 h, sonicated in THF for 5 min, rinsed with methanol, and 
blown dry.  In a similar fashion, the film was also treated with NMP and 1-M aqueous 
sodium hydroxide (NaOH) solution, respectively, both for 12 h. Figure 5.11 shows the 
UV absorption spectra before and after the above treatments; only small changes were 
observed in the intensities of different absorption bands after the various treatments, 
indicating that the film is durable and able to withstand polar solvents. Indeed, the EIS 
measurements discussed previously also indicate the chemical stability of the films, 
since they remain intact in the presence of acidic solution.  
 
Thermal stability was tested by baking the film (previously soaked in NMP) at 300 °C 
under nitrogen purge for 1 h. A UV-vis absorption spectrum taken after the thermal 
treatment was virtually indistinguishable from that before thermal treatment and is not  
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Figure 5.11 UV/vis absorption spectra of a 4-layer HPI film on quartz after prolonged 
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plotted separately; the film thickness was measured to be 12.8 nm, roughly the same 
as before (13.2 nm).   
 
Figure 5.12 shows load-displacement curves for a 4-layer assembled HPI film and a 
spin-coated HPI film upon being subjected to nanoindentation. The spin-coated film 
was obtained by casting one drop of 0.01% (w/v) THF solution of HPI on a cleaned 
silicon wafer and then spinning at 200 revolutions / min for 2 min; the film was 
subsequently dried under vacuum at 100 °C for 1 h. Its thickness was measured to be 
around 18 nm using ellipsometry. At all loads, the assembled film showed a smaller 
displacement than the spin-coated one. These data clearly show that the former is 
more resistant to indentation, probably due to the covalent interlayer linkages. All the 
above observations demonstrate that the HPI film prepared using direct covalent 





6FDA-based polyimide containing pendant hydroxyls was synthesized and used to 
construct ultrathin films on amine-terminated substrates through LBL covalent 
assembly with terephthaloyl chloride as a cross-linking agent, by forming ester bonds 
between HPI layers. Formation of the ester links was confirmed by FTIR and XPS. 
The stepwise and roughly linear growth through four cycles of the assembly with 
number of layers was demonstrated through UV-vis absorption spectra and 
ellipsometry.  From tapping-mode AFM, systematic changes in surface morphologies 
after various assembly steps were observed. Impedance spectroscopy for films 
deposited on gold electrodes showed evident resistances to interfacial ion transfer, and 
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Figure 5.12 Load-displacement curves for an LBL assembled HPI film and a spin-
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the resistances are closely related to the number of assembled HPI layers. The films 
exhibited good stabilities towards prolonged aging, polar solvent etching, and heating 
at elevated temperatures. Also, it was more resistant than spin-coated HPI film to 
nanoindentation.  The layer-by-layer assembly method using covalent links between 
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6.1 Introduction 
 
Presented in this chapter are the efforts made to fabricate and characterize ultrathin 
polyimide composite films with cross-linked structure and reduced surface 
resistivities. To fabricate such films, soluble hydroxyl polyimide and poly (thiophene-
3-acetic acid) were synthesized. The two polymers were then assembled in a layer-by-
layer fashion with covalent interlayer ester linkages. These covalent linkages gave rise 
to good robustness of the composite films. FTIR, XPS and UV-vis absorption 
spectroscopies were used to investigate the formation of the composite films. The 
surface resistivities and stabilities of the resulting films were also studied.  
 
 
6.2 Experimental Section 
 
6.2.1. Materials 
4, 4’-(Hexafluoroisopropylidene) diphthalic anhydride (6FDA) (99 %, Aldrich) was 
recrystallized from acetic anhydride (≥ 99.0 %, Fluka). 3-Thiopheneacetic acid (98 %, 
Aldrich) was recrystallized from a hexane/ether mixture (1/1 in volume). 3, 3’-
dihydroxyl-4, 4’-diaminobiphenyl (HAP) (99 %, TCI, Japan), thionyl chloride (SOCl2) 
(≥ 99 %, Merck), 3-aminopropyltrimethoxysilane (APS) (97 %, Aldrich), acetone 
(Fisher, HPLC grade), methanol (≥ 99.5 %, Merck), chloroform (Merck, HPLC grade) 
and anhydrous ferric chloride (FeCl3) (≥ 98 %, Merck) were all used as received. 
Toluene (≥ 99 %), N-Methyl-2-pyrrolidone (NMP, ≥ 99.5 %) and N, N-
dimethylacetamide (DMAc, ≥ 99 %), all from Merck, were distilled before use. 
Silicon wafers and quartz slides were the same as those used in previous chapters.  
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6.2.2. Polymer Syntheses 
Hydroxylpolyimide (HPI) Synthesis 
The same procedure for HPI synthesis was used as that in Chapter 5. 
 
Poly (thiophene-3-acetic acid) (PTAA) Synthesis 
PTAA was synthesized via chemical oxidation of thiophene-3-acetic acid (TAA), 
following a literature-reported procedure (Souza and Pereira, 2001).  Specifically, 1 g 
of purified TAA and 5.702 g of anhydrous ferric chloride (FeCl3) (with a FeCl3/TAA 
molar ratio of 5:1) were mixed in 150 mL chloroform, and stirred at room temperature 
under nitrogen purge for 16 h. The resultant mixture was then added slowly to 
vigorously stirred methanol. The resulting precipitate was stirred for 8 h, filtered, 
washed several times with methanol, refluxed in methanol for 2 h, and then dried 
overnight at 30 °C under vacuum. The resulting reddish brown powder was 
subsequently dissolved in a 3-M aqueous solution of sodium hydroxide (NaOH) and 
filtered; hydrogen chloride (HCl) was then added to the filtrate to precipitate the 
polymer out of solution. The precipitate was washed with water and methanol (in that 
order), and finally dried at 50 °C under vacuum for 12 h. 
 
6.2.3. Film Fabrication 
0.0175 g of PTAA was dissolved in 25 mL of DMAc to give a 5-mM (based on 
monomer) solution. A few drops of thionyl chloride (SOCl2) were added and the 
mixture was refluxed at 50 °C overnight to convert the acetic acid groups to acid 
chlorides. The mixture was then heated at 80 °C for 10 min to remove the excess 
SOCl2 and the byproducts of the conversion process (HCl and SO2). A 5-mM HPI 
solution was also prepared with DMAc as the solvent. Quartz slides and silicon 
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wafers were cleaned with a 7/3 (v/v) mixture of concentrated sulfuric acid and 30 % 
hydrogen peroxide (Caution: this “piranha” solution reacts violently with many 
organic materials and should be handled with extreme care), rinsed with deionized 
water, methanol, blown dry with nitrogen, and then immersed in a 3-mM solution of 
3-aminopropyltrimethoxysilane in toluene at room temperature for 5 h. Subsequently, 
the substrates were sonicated in toluene for 10 min, rinsed with toluene and methanol 
several times, and blown dry with nitrogen. Layer-by-layer (LBL) assembly was 
performed by alternate immersion of the substrates into the PTAA chloride and HPI 
solutions at 45 °C. Pyridine and triethylamine were added in both the solutions, the 
former as a catalyst and the latter as a scavenging agent for protons. Each immersion 
lasted for 1 h, after which the assembly was rinsed copiously with DMAc, acetone, 
and blown dry with nitrogen. 
 
For comparison, cast composite films from a mixed solution of the two polymers were 
also prepared. Equal volumes of 5-mM PTAA chloride solution and 5-mM HPI 
solution (both in DMAc) were blended together at room temperature with pyridine 
added as a catalyst. The mixture was stirred at room temperature for 12 h and cast on 
a well-cleaned glass slide, which was subsequently dried overnight under vacuum at 
60 °C and stored in a dessicator for gradual evaporation of residual solvent. To obtain 
a sample of the HPI-PTAA blend for thermogravimetric analysis, the mixture was 
precipitated in chloroform, filtered, washed with chloroform and dried overnight at 60 
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6.2.4. Characterization 
Fourier Transform Infrared (FT-IR) Spectroscopy 
An FT-IR spectrum of the synthesized PTAA powders (as a KBr pellet) was obtained 
in air on a Bio-Rad FT-IR model-400 spectrophotometer. Each spectrum was 
collected by accumulating 16 scans at a resolution of 4 cm-1.  An FT-IR spectrum of 
the LBL assembled composite film was recorded using reflection mode with an 
incident angle of 80° and an accumulation of 100 scans; a bare silicon wafer was used 
as the background.  
 
UV-vis Absorption Spectroscopy 
UV–vis absorption spectra of the assembled composite films on quartz slides were 
recorded on a Shimadzu UV-1601 PC scanning spectrophotometer. A cleaned bare 
quartz slide was used as the background.  
 
X-ray Photoelectron Spectroscopy (XPS) 
See Experimental Section of Chapter 3 for details.  
 
Thermogravimetric Analysis (TGA) 
TGA for HPI, PTAA, and the powder from their blend solution was carried out at a 
heating rate of 5 °C/min and at a nitrogen flow-rate of 75 ml/min on a DuPont thermal 
analysis 2100 system with a TGA 2050 thermogravimetric analyzer. 
 
Surface Resistivity Measurements 
Surface resistivities of both the assembled and cast composite films were measured 
using a two-probe RS392-185 surface resistance meter at room temperature. The two 
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probes were positioned 1mm apart in each measurement, and a metal weight (around 
2.5 kilograms) was used to insure a good contact between the probes and the sample.  
 
 
6.3 Results and Discussion 
 
6.3.1. Polymer Characterizations 
The HPI synthesis and characterization has been discussed in Chapter 5.  
 
PTAA, synthesized through oxidation by ferric chloride, is soluble after prolonged 
stirring in DMAc or NMP, and is partially soluble in THF.  It dissolves 
instantaneously in aqueous sodium hydroxide solution due to the presence of the 
carboxylic acid groups. Its FTIR spectrum (Figure 6.1) exhibits bands at 3405 cm-1 
(νO-H), 1716 cm-1 (νC=O) and 2947 cm-1  (νC-H), which are all attributed to the 
carboxylic acid groups at the “3” position of the thiophene rings. The presence of 
thiophene rings was confirmed by the characteristic bands at 1601 cm-1 (νC=C) and 
839 cm-1 (νC-H, out of plane). In addition, Figure 6.1 does not display a band at 720 
cm-1, which is associated with the C-H bond at the “2” position of thiophene ring (Ng 
et al., 1998); this absence suggests that polymerization occurred predominantly at the 
“2” position of the ring.  
 
Figure 6.2 shows an XPS wide scan spectrum for the PTAA powder. A signal for 
chlorine at around 198 eV is observed; definitely it is not from ferric chloride, 
because the polymer was treated with an aqueous sodium hydroxide solution to 
remove ferric chloride (iron was not detected by XPS). This chlorine may be bound  
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Figure 6.1 FTIR spectrum of the synthesized PTAA. The inset shows an expanded 
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with the bipolarons (Vardeny et al., 1987) in the polymer chains and could serve as a 
dopant. Thus, we inferred that the polymer was already doped to some extent during 
synthesis by chloride ions; this inference is further corroborated by the presence of 
bands at ca. 1330 cm–1, 1205 cm–1 and 1017 cm–1 in the FTIR spectrum (Figure 6.1), 
which are characteristic of doped polythiophenes (Hotta et al., 1984-1985). Inoue et 
al. (1988) reported a similar phenomenon, viz., concurrent oxidative polymerization 
and doping by the direct reaction of thiophene and copper perchlorate. 
 
6.3.2. Film Fabrication and Spectroscopic Study 
An LBL assembled composite film was fabricated on a substrate bearing amino 
groups at the surface, which was obtained by silanization of a quartz slide or silicon 
wafer with 3-aminopropyltrimethoxysilane (APS). APS can work well for 
immobilization of polymeric chains as long as it has sufficiently high percentage of 
primary amines (not necessarily near 100 %). Chapter 3 showed that a surface 
primary amine content of about 89 % was obtained with APS under proper adsorption 
conditions. In order to achieve chemical linking to the substrate, PTAA was treated 
with thionyl chloride to convert the pendant carboxylic acid groups to the 
corresponding acid chlorides (Scheme 6.1a). When the amino-terminated substrate 
was immersed in the solution of PTAA chloride, the latter was anchored to the 
substrate surface via amide formation between amine and acid chloride, with 
hydrogen chloride (HCl) released as a byproduct. Since this byproduct may lead to 
protonation of the substrate amine groups, triethylamine was added to the PTAA 
chloride solution as a proton scavenger before the substrate was immersed. When the 
acid-chloride-terminated sample was exposed to HPI solution, HPI was covalently 
assembled by formation of ester groups, which left the sample surface functionalized 
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Scheme 6.1 (a) Conversion of PTAA to its acid chloride form and (b) the LBL 
assembly process for HPI composite films on silicon and quartz slides. In order to 
show the interlayer bonding clearly, no interpenetration of polymer chains was drawn 
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with hydroxyl groups, allowing for the subsequent attachment of PTAA chloride. This 
LBL process, as shown in Scheme 6.1b, was performed alternately between PTAA 
chloride and HPI until a desired number of bi-layers was obtained. 
 
Figure 6.3 shows an FTIR spectrum of a 4-bilayer composite film with PTAA 
chloride as the topmost layer. The peak at 1736 cm-1 (carbonyl stretching) confirms 
the occurrence of interlayer esterification. Presence of HPI can be seen from the peak 
at 1717 cm-1 (C=O asymmetric stretch) and the shoulder at 1790 cm-1 (C=O 
symmetric stretch), as well as the peak at 1369 cm-1(C-N-C stretch). Existence of 
PTAA chloride is detected from the peaks at 3197 cm-1 (–CH2– at “3” position of 
thiophene ring) and 1610 cm-1 (C=C, thiophene ring). Emergence of the peak at 
around 3400 cm-1 (O–H stretching) is probably due to hydrolysis of the surface acid 
chlorides to give carboxylic acid functionalities. The band at 1446 cm-1 is from 
thiophene (ring stretching) and that at 1304 cm-1 from HPI (C-N stretching).  
 
The LBL assembly process was examined by XPS, and the wide-scan spectra are 
shown in Figure 6.4. The amino-terminated substrate showed no meaningful peaks 
within the range of 160 eV – 240 eV (spectrum A). When PTAA chloride was 
anchored, three peaks were observed at 165 eV (S 2P1/2), 196 eV (Cl 2P3/2) and 230 
eV (S 2s) (spectrum B). The presence of chlorine indicates that acid chlorides were 
available for covalent assembling of HPI through interlayer ester formation. When 
HPI was assembled, signals for chlorine disappeared (spectrum C), showing that acid 
chlorides were consumed during the immobilization of HPI. Meanwhile, hydroxyl 
groups from HPI appeared at the surface, allowing for deposition of next PTAA 
chloride layer. The S2p and S2s signals (from the underlying layer) in spectrum C  
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Figure 6.3 FTIR spectrum of the HPI/PTAA composite film fabricated through LBL 




























Figure 6.4 XPS wide scans monitoring the LBL process for the composite film after 
various assembly steps: (A) APS-treated substrate; (B) PTAA chloride; (C) HPI; and 
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contain shake-up satellites related to * transitions (Tourillon and Jugnet, 
1988), but the reason for such a transition is not clear. When a second layer of PTAA 
chloride was added, the sample surface was again functionalized with acid chloride 
groups (spectrum D). Therefore, this XPS study confirmed that the film surface can 
be functionalized alternately with acid chlorides and hydroxyls during the LBL 
assembly process using PTAA chloride and HPI.  
 
UV–vis absorption spectra of the film at different stages of LBL assembly are shown 
in Figure 6.5 (A). The broad absorption band with a maximum at around 450 nm 
indicates the presence of PTAA. The shoulders at 245 nm and 207 nm are attributed 
to HPI. The absorbances at 450 nm and 245 nm as functions of the number of 
HPI/PTAA bilayers are plotted in Figure 6.5 (B), which shows that two absorbances 
both increase almost linearly with the same slope. This result reveals that the LBL 
assembly process is fairly uniform. 
 
6.3.3 Surface Resistivity and Doping/De-doping Behavior  
Shown in Figure 6.6 is the profile of surface resistivities for an assembled 6-bilayer 
composite film upon different treatments. The as-assembled film exhibited a low 
surface resistivity of 2*108 Ω/sq, which is about three orders of magnitude lower than 
that of the pure HPI cast film or the bare glass slides. This result suggests that 
moderate electrical conductivity has been produced in the film, which may be due to 
the doping effect of ferric chloride in the polymerization process as discussed earlier 
in this chapter. When the assembled film was exposed to an iodine vapor for doping, 
short durations of exposure failed to reduce the surface resistivity; upon a prolonged 
exposure of 5 h, a modest reduction in the surface resistivity to 5 * 107  Ω/sq resulted. 
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Figure 6.5 (A) UV-visible absorptions for different number of bilayers of HPI/PTAA 











































Figure 6.5 (B) Increases of absorbances at 450 nm (open square) and 245 nm (solid 
square) with the number of bilayers in an HPI/PTAA composite film. The dashed and 
solid lines are their linear fits, respectively; both of them fit to an equation which 



























































































Figure 6.6 Profiles of surface resistivitivities of the assembled (6-bilayer) and cast 
composite films subjected to iodine doping, thermal curing at different temperatures 
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In contrast, the cast film exhibited a sharp reduction in surface resistivity, from 5 * 
105   Ω/sq to 105   Ω/sq, when exposed to the iodine vapor for only 10 min. The much 
slower doping of the assembled film might be due to two reasons: (i) the much 
smaller amount of electroconducting constituent compared with that in the cast film, 
which had a thickness on a micrometer scale; (ii) the cross-linked structure and hence 
compact chain packing of the LBL assembled film, leading to a greater resistance to 
diffusion of external dopants such as iodine.  
 
When the doped assembled film was immediately subjected to thermal treatment at 
100 °C in air for 10 min, its surface resistivity increased to 108 Ω/sq due to thermal 
de-doping; when this film was again exposed to iodine vapour for 12 h, its resistivity 
dropped to 6 * 107 Ω/sq as a result of re-doping, which is almost the same value as 
that before thermal treatment.  
 
The assembled composite film was subsequently cured at 150 °C for 10 min and its 
resistivity increased to 109 Ω/sq; this value reduced gradually to 6*108 Ω/sq upon 
exposure for 24 h to iodine vapor, but never returned to 5*107 Ω/sq (obtained after 
first doping) or 2*108 Ω/sq (for the as-assembled film). These observations indicate 
that thermal treatment at 150 °C in air might have brought about a change in the 
conjugated structure of the polythiophene backbone or the PTAA moieties might have 
been oxidized to some extent. Therefore, the conductivity could only be partially 
restored even upon prolonged re-doping with iodine. Despite this degradation, the 
surface conductivity was still suitable for antistatic applications and comparable with 
that for a 20-bilayer PTAA/TiO2 LBL film reported by Ding et al. (2002). 
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Also shown in Figure 6.6 is the surface resistivity profile for the cast composite film 
(microns thick), which showed a similar trend of changes with the assembled film 
when subjected to the same doping/de-doping cycles. However, its surface resistivity 
values were lower than those of the assembled film probably due to the much larger 
amount of PTAA involved, considering the much larger thickness of the cast film 
(microns) compared with the assembled film (nanometers). Also, shorter durations 
(10 – 30 min) were needed for iodine doping to take effect. This difference might 
result also from the abundance of PTAA and from the less compact structure 
compared to the LBL assembled film. Unfortunately, the cast composite film de-
doped much faster: it experienced evidently larger increments in resistivities during 
10 min’s de-doping at different temperatures, compared with the assembled film 
(Figure 6.6). So, one may conclude that the assembled composite film is 
advantageous in its stability of surface conductivity though the value is lower than 
that of the cast film. 
 
6.3.4. Stability Study 
In order to investigate the thermal properties of the composite films, thermal 
gravimetric analysis (TGA) was conducted for the powder sample precipitated from 
HPI/PTAA chloride mixed solution (Figure 6.7).  For comparison, TGA was also 
performed on powders of pure HPI and PTAA. The HPI/PTAA powder was fairly 
stable until 150 °C. At above 150 °C, weight losses occurred at around 250 °C, and 
around 300 °C; the powder had ~ 75 % of its original weight retained when heated to 
400 °C. In contrast, PTAA started to decompose at about 80 °C, after which it 
experienced two more decompositions at around 200 °C and 350 °C, respectively; at 
400 °C, less than 60 % of PTAA remained. The improved thermal stability of the 
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Figure 6.7 TGA for pure HPI, PTAA and the powders precipitated from a 1:1 mixture 
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blend powder results from the presence of HPI and the cross- linked structure.  
 
The resistance of the assembled film to dissolution was tested by comparing UV-
visible absorption spectra before and after immersion in DMAc for 12 h. The 
absorption did not show appreciable change, demonstrating that the film is 
sufficiently stable to resist polar solvent due to the cross linked architecture and also 
the covalent adhesion between the film and substrate. When a cast or spin-coated film 
underwent the same treatment (12 h immersion in DMAc and then UV-vis testing), 
virtually no absorption was detected. In addition, the assembled composite film 
showed good stability in conductivity, since its surface resistivity did not decay 





Soluble HPI and PTAA were synthesized and used to fabricate ultrathin composite 
films through covalent layer-by-layer assembly with ester groups being the interlayer 
linkages. Both XPS analysis and FT-IR spectrum confirmed the formation of ester 
links. UV–vis absorption spectra showed a nearly uniform growth of the film. After 
the formation of 6 bilayers, the composite film showed a reduced surface resistivity 
compared with that of the bare substrate and the cast HPI film. Prolonged doping with 
iodine further reduced its surface resistivity. Thermal treatments at temperatures no 
higher than 150 °C resulted in de-doping of the film, but the surface conductivity 
could be restored or partially restored by re-doping with iodine vapor. The film also 
showed good stabilities against polar solvent etching and temperatures up to 150 °C.  
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CONSTRUCTION OF MULTILAYERED COMPOSITE 
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7.1 Introduction 
 
A novel poly (amic acid) bearing pendant amine groups, named as amino poly (amic 
acid) or APAA, was synthesized and then employed in layer-by-layer assembly with 
naked gold nanoparticles (AuNP) prepared via reduction of a gold precursor ions with 
careful adjustment of the reducing agent/precursor ratio. The binding between APAA 
and AuNPs is based on a combined effect of metal-ligand coordination and 
electrostatic interaction. Upon thermal treatment, the APAA layer became imidized 
and a robust composite structure of polyimide/AuNP was obtained.  
 
 
7.2 Experimental Section 
 
7.2.1 Materials  
3, 3’, 4, 4’- tetraaminobiphenyl (TAB) (≥ 99 %, Sigma) was stored below 4 ˚C and 
used without further purification. 4, 4’-(Hexafluoroisopropylidene)diphthalic 
anhydride (6FDA) (99 %, Aldrich) was recrystallised from acetic anhydride (≥ 99.0 
%, Fluka). Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4.3H2O) (≥ 99.9 %, 
Aldrich), sodium citrate (meeting USP testing specifications, Sigma) and methanol (≥ 
99.5 %, Merck) were used as received. N-Methyl-2-pyrrolidone (NMP, ≥ 99.5 %) was 
distilled immediately before use. N, N-dimethylacetamide (DMAc), p-
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7.2.2 Synthesis of Amino Poly (amic acid), or APAA, and Its Imidization 
0.3350 g of TAB was dissolved in 18 mL of freshly distilled NMP; 0.6683 g of 6FDA 
was then added slowly while stirring and under nitrogen purge. The system was 
stirred in the fume cupboard overnight at room temperature. The resulting mixture 
was dumped into a copious amount of stirred methanol; after stirring for 4 h, the 
precipitate was collected by filtering, washed repeatedly with methanol, collected by 
filtering and then vacuum dried overnight at 60 ˚C. White-colored APAA powder 
soluble in both DMAc and NMP was obtained. For imidization, a small amount of 
APAA was cured under nitrogen purge first at 100 ˚C for 90 min and then at 350 ˚C 
for another 90 min. After such curing, the powder became yellow and insoluble in 
both DMAc and NMP.  
 
7.2.3 Synthesis of Gold Nanoparticles (AuNP)  
A literature method was followed (Grabar et al., 1995) for AuNP preparation. 
Specifically, 0.012g of HAuCl4.3H2O was dissolved in 30 mL of deionized (DI) water 
(with a resistivity of 18.2 MΏ-cm) giving a 1-mM solution, which was then refluxed 
at ca. 115 ˚C for 10 min. To the refluxing solution was added 3 mL of 38.8-mM 
sodium citrate also dissolved in DI water. The color of the mixture evolved gradually 
from grey to purple and finally to wine red. Refluxing lasted for another 10 min and 
then was stopped to let the resulting solution cool to room temperature.  
 
7.2.4 Composite Film Construction 
Silicon wafers and glass slides surface modified with APhS were immersed in the 
freshly prepared AuNP solution for 1 h, rinsed thoroughly with DI water and then 
baked at 120 ˚C for 10 min. Next, the samples were immersed in a 5-mM DMAc 
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solution of APAA (also freshly prepared) for 1 h, rinsed repeatedly with DMAc and 
methanol, and blown dry with nitrogen. The above two steps were performed 
alternately until 7 cycles were completed.  
 
7.2.5 Characterization 
Fourier Transform Infrared Spectroscopy (FTIR) 
FTIR spectra of the synthesized APAA and API powder were obtained in air on a 
Bio-Rad FTIR model-400 spectrophotometer by accumulating 16 scans at a resolution 
of 4 cm-1.  The sample compartment was purged with nitrogen.  
 
Transmission Electronic Micrograph (TEM) 
One or two drops of AuNP sol were applied on a copper TEM grid before analysis. 
 
X-Ray Photoelectron Spectroscopy (XPS) 
For APAA or API powder scans, a thin layer of powder was fixed on to sample stud 
using double-sided tape. The other details are the same as those in the Experimental 
Section of Chapter 3. 
 
Atomic Force Microscopy (AFM) 
See the Experimental Section of Chapter 3 for details. 
 
UV-vis Absorption 
UV-visible absorption spectra were recorded on a Shimadzu UV-3101 PC scanning 
spectrophotometer.  A bare glass slide was used as the background.  
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7.3 Results and Discussion 
 
APAA and API were synthesized from 6FDA and 3, 3’, 4, 4’-tetraaminebiphenyl 
(TAB), following the route shown in Scheme 7.1. Due to the robustness of 6FDA 
molecules, as well as the hindrance effect from the adjacent amino groups in TAB 
molecules, we presume that only one amino group on either phenyl ring (at position 
“3” or position “4”, though Scheme 7.1 only shows the latter case) of TAB is 
involved in condensation with 6FDA, such that virtually no or very insignificant 
cross-linking occurred during polymerization.  This presumption is substantiated by 
the spectroscopic data of FTIR and XPS shown below. 
 
The FTIR spectra of both APAA and its imidized product (API) are shown in Figure 
7.1 (curves A and B, respectively). Absorption bands (N-H stretching) for amine 
(3363 cm-1 and 3231 cm-1 in A; 3367 cm-1 and 3204 cm-1 in B) are observed in both 
spectra, indicating that amino groups are still available after polymerization and 
imidization. The imide functionality is evidenced by the bands at 1760 cm-1 
(symmetric C=O stretch) and 1726 cm-1 (asymmetric C=O stretch) in spectrum B. 
 
XPS spectra (Figure 7.2) further confirmed the presence of amino groups and provide 
information on their relative abundance compared with other nitrogen-containing 
moieties in both APAA and API. Spectrum A is the N1s core-level spectrum for 
APAA, which is fitted into primary amine, amide and protonated amine components 
with binding energy (B.E.) values of 398.7 eV, 399.8 eV and 401.2 eV, respectively. 
The amine and amide components possess almost equal peak areas, implying that they 
carry the same percentage, and this agrees well with the expected structure of APAA. 
 153
                                                                         Chapter 7. PI/Au nanoparticle assembly 
 
Scheme 7.1 Route for APAA synthesis and its imidization. 
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The N1s core-level spectrum for API (spectrum B) is also fitted into three 
components: primary amine at 398.8 eV, imide at 400.5 eV and protonated amine at 
401.3 eV, the first two having a peak area ratio of 0.9:1. This ratio is also consistent 
with the expected structure of API molecule. In both spectra, the peak component for 
protonated amine is evidently small compared to the other two components, 
demonstrating that ammonium carboxylate formation is minor during APAA 
synthesis, due to the weakness of poly (amic acid). It is likely that the carboxylic acid 
protons had predominantly transferred to the unreacted monomeric amines during 
polymerization so that the formation of zwitterion was minimized, since TAB was in 
excess in the polymerization system (2.4 mmol of TAB and 1.5 mmol of 6FDA). As 
mentioned earlier, we expect that little or no cross linking occurred during 
polymerization, so APAA was easily soluble in solvents such as DMAc and NMP. 
This solubility allowed for further manipulation and utilization of the polymer, for 
example casting, spin-coating and layer-by-layer assembly with species of interest.  
 
An aqueous sol of gold nanoparticles (AuNPs) was prepared by reducing 
HAuCl4.3H2O, a precursor for AuNPs, with sodium citrate; no stabilizing agent was 
used. The AuNPs obtained had an average diameter of about 10 nm, as seen by TEM 
(Figure 7.3). Capped with citrate ions and thus negatively charged at surface, the 
particles were fairly stable over prolonged storage, as shown by UV-vis spectroscopy 
in Figure 7.4: as-prepared, 1-day- and 2-day-aged samples all showed surface 
plasmon absorption at a wavelength of 522 nm with absorption bands of identical 
shape; this band verifies the presence of individual, instead of aggregated particles 
(Jiang et al., 2004).   The stability of the particles was also evident in that the inner 
surface of the beaker holding gold sol for several days did not show any trace of color. 
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The amine-terminated substrate for AuNP deposition was prepared by modifying Si 
or glass surfaces with APhS, whose surface morphology is shown in Figure 7.5A. On 
this substrate, AuNPs form a dense and uniform layer (Figure 7.5B).  In the next step, 
the assembly was exposed to a 5-mM solution of APAA in DMAc and a layer of 
polymer was anchored on surface of the AuNPs. This adsorption brought about a 
noticeable smearing of the AuNP features (Figure 7.5C). Our observation here is 
somewhat consistent but not identical with the findings of Chan et al. (2002), who 
showed complete disappearance of particulate features after adsorption of a polymer 
layer probably due to the smaller particle size (5.5 nm in average) in their work.  
 
When the assembly obtained above (APAA terminated) was subsequently treated with 
the sol of AuNP, a new layer of particles adsorbed, with feature sizes relatively 
smaller compared with those on APhS (Figure 7.5D). One possible reason for this 
difference is that the binding sites (amine groups) provided by APAA are far less 
densely populated than those from APhS substrate.  A similar influence of binding 
sites on the immobilization of AuNPs was reported by Yonezawa et al. (1998), who 
found that the particles are packed less densely on poly (ethyleneimine) substrate than 
on a uniform ammonium layer due to the smaller abundance and uniformity of 
binding sites of the latter. Figure 7.5E shows the surface feature of the 7th AuNP layer.  
 
XPS wide scans (Figure 7.6) were performed to examine the stepwise buildup of the 
composite film. The APhS substrate shows a clear signal for nitrogen at near 398 eV. 
When AuNPs were immobilized, the nitrogen signal nearly disappeared, indicating 
that the amine substrate was almost fully covered with AuNPs and therefore nearly 
inaccessible to XPS detection; meanwhile, a strong gold signal appeared. After  
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(To be continued next page) 
 
Figure 7.5 Tapping mold AFM images of the amino poly (amic acid)/gold 
nanoparticle or APAA/AuNP assembly at different steps: (A) APhS substrate; (B) 1st 
layer AuNP; (C) 1st layer APAA; (D) 2nd layer AuNP and (E) 7th layer AuNP. In each 
micrograph, the left half is a height image and the right is a phase image. All the 
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adsorption of APAA onto AuNP layer, the gold signal became a bit weaker, 
accompanied by the appearance of a fluorine signal (fluorine is present in the APAA 
chains) and a nitrogen signal stronger than that in the previous step. When the second 
layer of AuNPs was adsorbed, the gold signal became stronger again, but not as 
strong as that for the first AuNP layer, probably due to the smaller density of the 
second layer.  
 
Presented in Figure 7.7 are the N1s core-level XPS spectra following different steps in 
the composite film construction. Spectrum A was obtained of the APhS-treated 
substrate, in which the single-component peak (at 398.8 eV) is attributed to primary 
amine. After AuNP deposition, the nitrogen peak became weakened (also see the 
wide-scan spectrum in Figure 7.6) and can be curve-fitted into a single component 
with a similar binding energy as primary amine (spectrum B). We assign this single 
peak to amines coordinated with AuNPs. Kumar et al. (2003) reported a similar 
binding energy (399.3 eV) of nitrogen from laurylamine bound to the surface of 
AuNPs. Manna et al. (2001) synthesized AuNPs encapsulated by the 4th-generation 
poly (amido amine) dendrimer, PAMAM, and found the binding energy of nitrogen 
(from PAMAM amine) was 399.2 eV; they concluded that the Au-amine interaction 
was strong but did not further specify the nature of the interaction.  
 
When APAA was assembled onto a AuNP layer, the nitrogen peak can be curve-fitted 
into three components (spectrum C), which are assigned to amines (both free and 
coordinated) at 398.6 eV, amide at 399.5 eV, and protonated amine at 401.2 eV. This 
result suggests that the binding between APAA and AuNP is based on a combination 
of metal-ligand coordination (between metallic gold atom and amine) and electrostatic  
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Figure 7.7 N1s core-level XPS spectra at various steps of the APAA/AuNP assembly 
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interaction (between ammonium and the negative charges on the surface of particles), 
both of which have been reported to exist between amines and AuNPs (Kumar et al., 
2003; Zhu et al., 1999). XPS peak composition (spectrum C) shows that coordination 
dominates over electrostatic interaction. 
 
After the seventh layer of AuNP was added, the N1s XPS spectrum (spectrum D) 
could also be fitted into three components, whose binding energies and assignments 
are the same as in spectrum C. Subsequent to deposition of the seventh AuNP layer, 
the sample was partially imidized and the imide functionality was detected by XPS 
(the peak at 400.1 eV, spectrum E), though it remained less abundant than amide.  
 
Spectrum F in Figure 7.7 shows the core-level Au4f spectrum of AuNPs after being 
immobilized on APhS layer. The two peak components at 83.9 eV (4f 5/2) and 87.6 eV 
(4f 7/2) well ascertain the metallic state of the particle, and are consistent with those for 
the AuNPs encapsulated by primary amines reported by Leff et al. (1996) and Kumar 
et al. (2003); the former showed that the interaction between Au and amine was weak 
covalent bonding and latter found both electrostatic interaction and complexation 
existed. So the Au4f spectrum further corroborates our belief that coordination is 
responsible for the binding between AuNPs and amine in the composite assembly.  
 
The LBL assembly was also studied by UV-vis spectroscopy (Figure 7.8). When 
AuNPs were immobilized on the APhS substrate, it showed a spectrum with two 
plasmon bands (curve 1): one at ca. 520 nm which is assigned to the plasmon 
resonance of individual particles, and the other at ca. 700 nm assignable to a collective 
surface plasmon oscillation (Freeman et al., 1995). Subsequent layers of AuNP, which 
were added on APAA, all give spectra featuring a significant absorption at ca. 520 nm  
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Figure 7.8 UV-vis absorption spectra of the APAA/AuNP at various steps. Curve 1 
corresponds to the AuNP layer on APhS substrate; curves 2 - 7 correspond to AuNP 
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and a shoulder at ca. 700 nm; the shoulder became progressively insignificant with the 
increasing number of assembly layers and almost disappeared at the seventh layer (see 
curves 2 – 7 in Figure 7.8). Our observations here are different from those in the work 
of Ung et al. (2001): they built an electrostatic LBL assembly using bare AuNPs and 
polydiallyl dimethylammonium (PDDA) chloride, and found the absorption band at ca. 
700 nm became more pronounced with increasing number of deposition cycles due to 
the increased density of particles and thus increased dipole coupling between particles. 
 
From the above comparison we can conclude that there was a lesser degree of AuNP 
aggregation on APAA layers than on APhS-treated substrate (based on the dwindled 
shoulder at 700nm), and with the assembly proceeding, the particle aggregation 
became progressively slighter. The difference between Ung et al.’s work and ours may 
also indicate that the binding force for AuNP/APAA assembly is different from that for 
AuNP/PDDA: the former is dominated by coordination while the latter is purely 
electrostatic, because APAA is not an ammonium in its DMAc solution.  
 
Figure 7.9 shows the absorbance of the APAA/AuNP assembly at 520 nm plotted 
against the number of assembled AuNP layers. The first and second layers of AuNPs 
contributed comparably to the absorbance; with more layers assembled, the increase in 
absorbance became smaller. This result suggests that less AuNPs were assembled 
when the number of layers increased, maybe due to the less abundance of amino 
groups compared with the first two layers. It also agrees with the finding that particle 
aggregation became lesser with the increasing number of assembly layers. 
 168



























Figure 7.9 Absorbance of the APAA/AuNP assembly at 520 nm as a function of the 
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7.4 Conclusions 
 
A novel type of soluble poly (amic acid) bearing amino pendant groups, APAA, was 
synthesized. A dispersed AuNP sol with a narrow size distribution was obtained 
without using a stabilizing agent. A composite thin film was fabricated via layer-by-
layer assembly with APAA and naked AuNPs. We believe the binding between the 
two building blocks to be a combined effect of metal-ligand coordination and 
electrostatic interaction, with the former being predominant. Upon thermal treatment, 
the APAA layer became partially imidized and a robust composite polyimide/AuNP 
structure was obtained. 
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By careful control of experimental parameters, 3-aminopropyltrimethoxysilane (APS) 
could be self-assembled onto surfaces of silicon dioxide with a primary amine content 
of ~ 89 %, which is higher than most literature-reported values. Surface morphologies 
of such layers were found closely related with APS concentration and water content 
of the deposition solution, with the best films resulting from an APS concentration of 
3 mM and a water content of 0.1 % (v/v).  
 
Under the same deposition conditions as those for APS, p -
aminophenyltrimethoxysilane (APhS) formed ultrathin layers with surface 
functionalities being purely primary amino groups. These layers were also quite 
uniform in their surface morphologies.  
 
The two amino-terminated assemblies described above had different capacities for 
chemisorption of pyromellitic dianhydride (PMDA): larger contents of surface 
primary amines resulted in more PMDA molecules immobilized and fewer substrate 
amines unreacted. Experimental results suggest that higher primary-amine content 
correlates well with better accessibility of the amino functionalities.  
 
Making use of the APhS assembly as a substrate, an ultrathin film of oligoimide was 
obtained through alternate assembly of PMDA and diaminodiphenylether (DDE) from 
their solutions, followed by thermal imidization.  
 
A high abundance of the substrate amino functionalities along with their good 
accessibility gave rise to the near completeness of PMDA/DDE interfacial chemical 
reaction and uniformity of surface topography after each adsorption, according to 
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 XPS and AFM observations. 
 
Also fabricated on APhS substrates were ultrathin films of polyimide through direct 
covalent layer-by-layer (LBL) assembly of a preformed hydroxyl polyimide (HPI), 
which was soluble in most common solvents. Terephthaloyl chloride was employed as 
a bridging agent to establish ester linkages between HPI layers, the formation of 
which was observed by both FTIR and XPS.  
 
An LBL-assembled HPI film exhibited a stepwise and nearly linear growth in 
thickness, a uniform surface morphology, and a thickness-related resistance. 
Attributed to the presence of covalent interlayer linkages, the resultant film was 
robust enough against polar solvents, high temperatures (no absorption change up to 
300 °C) and nanoindentation.  
 
An ultrathin composite HPI film was fabricated on an APS-treated substrate via LBL 
assembly between HPI and electroactive poly (thiophene-3-acetic acid), which was 
synthesized and converted to its acid chloride form for covalent linking with HPI. 
Interlayer linkages were also confirmed by FTIR and XPS. 
 
Since PTAA was already doped to some extent, presumably by the oxidizing agent 
used in the polymerizaiton, the as-assembled composite film exhibited a reduced 
surface resistivity compared with a pure HPI film and bare glass slide. When 
subjected to prolonged iodine doping, the film showed a further reduction in its 
surface resistivity. Thermal de-doping and reversible or partially reversible re-doping 
effects were also observed in the assembled composite film. Immersion in a polar 
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solvent, thermal curing, and thermogravimetric analysis all showed that the composite 
film obtained had a good stability.  
 
A novel type of soluble poly (amic acid) bearing amino pendant groups, or APAA, 
was synthesized using a one-pot method. It was soluble in NMP and DMAc. A 
dispersed AuNP sol with a narrow size distribution was obtained by reducing 
HAuCl4.3H2O with citrate, but without stabilizing agent. The AuNPs had an average 
diameter of 10 nm and were stable over prolonged storage. 
 
A composite thin film was fabricated via layer-by-layer assembly between APAA and 
naked AuNPs. The binding force between the two building blocks was believed to be 
a combined effect of covalent bond and electrostatic interaction, with the former as 
the predominant based on XPS analysis. Upon thermal treatment, the APAA layer 
became imidized and a robust composite polyimide/AuNP structure was obtained.  
 
In conclusion, covalent layer-by-layer assembly is a versatile tool for construction of 
robust ultrathin films. 
 
Suggested future work: other species (with different functions) could be assembled 
together with PMDA, DDE or PI molecules to impart desired properties to the 
resulting films. Further work can also be done to study the catalytic or sensing effect 
of the PI/AuNP composite film, and make comparison with films fabricated with 
other methods (e.g. purely electrostatically assembled).  
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